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ABSTRACT

The eye of Hurricane Edna crossed Cape Cod during the afternoon of
11 September 1954. Unique photographic records were made at several ra-
dar sites and include time lapse Range Height (RII) and PPI movies and
stills. These., with regular and special ground based weather observa-
tions and the data of aircraft reconnaissance, have contributed knowl-
edge of various featzes of the storm.

The precipitation of Edna evidences a banded structure roughly con-
centric with the eye; as is the case with most northward moving hurri-
canes in middle latitudes, precipitation is mainly confined to the
northern semicircle. The major outer bands are relatively broad and far
apart and are composed of discrete showers, most of which are revealed
by radar to initiate and grow substantially below the melting layer.
These showers are often beneath a deck of middle or high clouds, but
their histories appear largely independent of the upper cloud masses.
Nearer the eye the bands are closer together, narrower and more contin-
uous along their lengths. However, there is radar and rainfall evidence
for the presence of a finer structure also within the continuous inner
bands.

No consistent relation with vertical wind shear is found for the
band orientation. However, the most prominent ones lie approximately
parallel to the surface winds or isobars, or about midway between their
directions if they differ considerably. Differences between convective
und stratiform type bands are attributed primarily to variations of the
stability of the air involved. Modification of the stability of the air
with continued convergence is illustrated by the relatively convective
nature of the upwind ends of the bands and their more uniform character
downwind.

The upper portions of the bands as revealed by radar suggest upper
level divergence. A weakened radar return from upper masses immediately
ahead of the bands is indicative of downdrafts in these localities which
compensate the active low level convergence and updraft of the band re-
gions,

The motion of the showers in the northern outskirts of this storm
is about 40" to the left of the direction of the storm's motion; while
the upper clouds move from the same direction as the storm. Within fif-
ty miles of the eye, the motion of many radar elements is in nearly the
same direction as the surface winds -.nd hence nearly along the bands.

The speed profile of radar weather elements is similar in shape to
that of the surface winds, showing the decrease of velocity near the eye
which is characteristic of mature hurricanes. However, comparison of
the velocities of radar echoes in this storm and the known surface winds

iii



indicates that in the lowest 7,000 feet,. winds increase in speed with
increasing height outside the ring of maximum surface winds. Nearer the
eye the winds decrease with height. This pattern of vertical wind shear
finds considerable support in recent observational work of Simpson. It
is suggested that further research may enable the intensity of a hurri-
cane to be determined by radar on a quantitative basis.

The radar "bright band" appears at the melting level in all the
more uniform spiral bands, indicating that these bands are the results
of convergence and precipitation release through deep layers of the at-
mosphere. The conventional "bright band" with normal decrease in echo
intensity below the melting zone is qualitatively associated with the
lighter rainfall, while the lack of such a decrease in echo intensity is
associated with continued growth in and below the melting layer. The
latter feature is characteristic of the more intense spiral bands.
These data, when supplemented by drop samples, indicate that the drop
size distributions observed are the results of a combination of growth
by accretion of cloud and aggregation of raindrops below the melting
level, coupled with continuous creation of drizzle size drops.

Characteristics of the drop size distribution of the hurricane rain
at all observed intensities are in fair agreement with those to be ex-
pected on the basis of Marshall and Palmer's empirical relation. Also,
there is a reasonably good correlation between radar reflectivity and
rain intensity. This suggests the possible use of long wave radar to
monitor the intensity of hurricane rains.

Discrete precipitation echoes move about the "eye" in the same
sense as the surface winds. However, the eye may best be fixed in prac-
tice approximately at the center of spiralling of the bands, which gen-
erally differ. considerably from the centers of curvature. On the RHI
scope Edna's eye is seen as an open "Vi" in the radar echo which leans
toward the northeast; a cirrostratus shield over the eye at 35,000 feet
is connected to the northeastern portion of the wall cloud by a thin
column. A second eye with pressure minimum and complete wind circula-
tion is present for a short time, as are "false" radar eyes.

The path of Edna is found to be much more regular than originally
reported; oscillations of the path are no larger than the eye diameter
and may be less. Analysis of position reports from various sources in-
dicates that when an aircraft is within radar range, errors of position
may be reduced to a minimum if reports are based on cooperative esti-
mates of both aircraft and radar observers.

Land stations west of Edna's eye experienced highest winds during
the storm after the times of lowest pressure. The unusual sudden in-
crease of winds to high values has been tentatively associated with
widespread air accelerations accompanying initial conditions of extreme
imbalance between the winds and the pressure gradient.
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The reader with limited tim for study is referred to Sections 8,9
and especially the sunmary of Section 10~



HUMbIIE EDNA - 1954

1. Introduction

The first indications of the formation of Hurricane Edna came on the
night of 5 September in the extreme southwestern Atlantic between Puerto
Rico and the Bahama Islands (Malkin and Holzworth, 1954). Subsequently,

.,,' this storm was the second to ravage. the east coast of the United 5tates
wiT;.hin eleven days. Its appearance on the scene long before vivid im-
pressions of the earlier storm, Carol, had begun to .subside resulted in

A a high level of preparedness among the populace and keen refponae to
211 Weatber Buresau advisories. Carol accelerated suddenly from the Ape.

Htteras region, where it had remained nearly stationary for several
1ays, and arrived while New England was not.yet fully braced for the
blo0r.l With power linesl down.and men and standby equipment not fully

aorhafized, much radar equipment which could have been used to study the
storm was inope rative. In the case of Edna, however, preparations were
made well in advance to track the storm, with.the fortunate result that
great quantities of unique radar data were coilected.

The frontispiece illustrates the path of Edna from the time of first

detection until it became nearly stationary between Labrador and Green-
land, in the manner of many intense storms of high latitudes. Radar"'"'114-h "Iruro, Lms1ach tgs directv oe
photographic data gathered at eut ......... . over
which the eye passed, are the basis for the bulk of the in±'orMati~bn e
tatned in this report. Photographs of the radar scopes were taken from
this site between 1959 EST 10 September and 1520 EST 11 September and
the positions of Edna at these times are indicated on the frontispiece.

The wealth of radar and other data has led the' authors to exaine
many features .of this hurricane which had been investigated by more Con-
ventional means in other storms. The authors have attempted primarily
to describe the hurricane features in terms of the observational data
and relatively little space is do-voted to theoretical aspects. Oince
the radar data are of high quality and similar records are not likely
to be obtained often, the results of the studies are presented here in
considerable detail. The inner and outer bands., the. eye, the-path of
the storm, the wind field, radar tracking and rainfall mechanisms are
all discussed with the aim of providing insight into all of the storm
features for which there is radar information. (In most cases, other
sources have also been utilized.) It is hoped that the information con-
tained herein represents an extension of our knowledge of hurricane
ltruzture and will provide a useful reference for future observational
and theoretical studies, as well as a key to radar scope interpretation
during hurricane conditions.



2. Data Used in This Study

The basis of this study has been the ordinary and special weather
data which were collected during Edna's lifetime, especially during the
nineteen hours imediately preceding the passage of the hurricane eye
over Cape Cod. The basic standard to which all else is referred is the
routine synaptic data, i.e. surface observations and radiosonde reports.
Special radiosonde reports from Hanscom Field and surface -observtions
at South Truro and Chathan., Massachusetts, have been of great value,
Other data gathered at Hans cam Field (.which is located partly in Beord 
and partly in Lexington, AMzsaehusetts) inclu4e the records -of -three ad-
jacent recording rain gauges (weighing, tipping bucket and Hudson-Jardi).
The very complete Blue Hill Observatory reords of Edna have also been
studied. Figure 2.1 illustrates the location of many of the places to
which we shall refer in this report.

The radar data were collected at South Truro and Hanscom Feld, Mae-
sachusetts, ad ad Montauk Point, New Tork. At South Truro$ -an FIS-3
radar with PPI, and M -4 and m-6 height ,finding radars were available.
At .edford, a TPQ6'cloud base and top radar and: 10 cm search radar were
used; at Montauk the equipment ws an FrS-3 system. The characteristics
of these radars are listed in Table 1. Figure 2.2 is a key to the FPS.4
photographs. .

Two 35 m time lapse PPI movies have been available, one from Bed-
for,' and one from Montwuk. Rama time lapse series and stills w takel
at South Truro of. the !ps4 and FPS-6 .scopes. In addition, .4x 5: pio-.tures of the F -3 P *I scope at SO*VthTruro at average intervals of "
about five minutes have been available. The South Truro data camprise

the best photographic records; the pictures are sharp and contrasty.
The Bedford aad Montauk pictures are of great value because they have
been the only tit* lapse PFI data available which maW be run through a
projector for motion studies. Generally, the quality of the latter pic-
tures is not up to the standards necessary for extensLve reproduction'
here.

A frther valuable source of data hs been the instrumental and vis-
ual. observations of the crew of the WB-29 which conducted reconnaissance
of the storm on 11 Beptember 1954 between 0600 and P100 Ea.
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Table 1. Characteristics of the radars contributing data to this study.

Wave- Pulse Peak
length length Beamwidth Power PRF

Radar (cm) (L/sec) (horiz) (vert) (Kw) (sec 1 ) Notes
Vertically

TPQ-6 .86 1.0 0.29" O,290 25 492 pointing

FPS-4 3 2 205 0 .755* 200 539 REE only

Special radar

of' Project Pit
.incol 10. 1.1 l.7. ir 500 1200 TI* only

mT-6 101 2 1 .41 0.90 4=0 270 BE -only

MP-3 23 3 1.3' 1t 70on JIM0 PPI only
180 each of MTI avail-

2 xmitters able

* signifies "moving target indication."

3. Forerunners of Edna - High Clouds and Warm Showers on the Northeast

Fringe

3.1 Radar Data

The radar photographic record at South Truro was begun at 1959
EST, 10 September, with photography of the FMp-4 (3 cm) PHI scope.
First photos show a tenuous echo., presumably high cloud and undoubtedly
composed of ice crystavls,* with radar base at about 22,000 feet and
about 8,000 feet thick (Fig. 3.1), Subsequent records show that, al-
though breaks are present, this cloud sheet is widely distributed over
the area and the base slopes downward and the cloud thickens to the
southwest, i.es toward the eye of the storm. This observation is con-
sistent with the presence of a nearly saturated layer with base at 400 'mb
on the Nantucket sounding of 2200 EST, Fig. 3.2. Time lapse pictures
represented by the first three of Fig. 3.1 demonstrate that the feature
there marked by an arrow moves with a component from 2206 of approximate-
ly 52 knots. This is in very good agreement with the winds reported by
the Nantucket 2200 EST upper-air observation. It is noteworthy that

* Ordinary water clouds are generally not detectable by the FPS-4 and

FnS-6 radars.
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study of the early portions of the FPS-3 time lapse record obtained at
Miontauk Point likewise indicates a rapid movement from the SW or SSW of
faint and very diffuse echoing masses which are believed to be dense up-
per clouds and appear because of the wide vertical beam of the FPS-3.
Their motion from the SW occurs while discrete intense echoes, observ-
able at the same time, move more slowly from the SE.

At about 2200 EST 10 September 1954, the 23 cm (FM,3,) PPI
presentation at South Truro shows nothing significant north of the first
major rain band of the hurricane, seen at about 100-140 miles to the
southwest in Fig. 3.3, although the 3 cm BEI data demonstrates that the
whole area is blanketed by upper clouds. Shortly thereafter, however,
as shown. by Fig. 3.3, sharply defined cells are observed to form along a
nearly east west line passing near NantuCket (1806, 41i miles). By.1300
EST 'they are well organized anda conspicuous part of, the PIctu'e,
The horiZontal motions of nine of these cells have been sti'ied , Usng
PPi photographs at five minute intervals,) and the results are given In
Table 2 below.

Table.2. Statistics concerning i.arm shovers

Direc- Time of Time Initial Bear-ng fro!i STruro
Speed tion Start Tracked Range Azimuth

___ (i. n,i () (EST) (min) (naut. miles)

1 25 320 .2227 18 75 245
2 17 340 227 39 30 210
3 22 320 2233 43 55 235
4 3 355 2336 65 50 260
5 22 345 2336 .'5 45 070
6 23 310 2341 100 75 030
7 15 000 2341 4o 75 075
8 22 340 2355 46 30 345
9 19 315 2355 56 100 065

Average 22 310 50

The average velocity is 22 knots toward 340'. This is in ex-
cellent agreement with the reported Nantucket winds between 3,000 and
9,000 feet (Fig. 3.2). The average tracking time of the cells chosen
for study is fifty minutes. For several reasons, this is only a rough
measure of the lifetime of the average cell. In some cases, tracking
becomes impossible because a cell changes its shape or position discon-
tInuously, making it impossible to know that the same feature is in fact

8
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tieing followed; in oLhir.s, because of a discontinuity in the sequence of'
p-. -',rt-'s; in still otl-hers, because the cells disappear. The five-minute
spacing of' the pictures makes it impossible to study accurately cells
,?hose duration is less than about fifteen minutes; on the other hand,
those cells selected for tracking and which are observed to appear and
disappear may exist up to ten minutes longer than observed. The authors
have tried to take account of these factors and havo suibjectively esti-
matbed that the average cell lifetime in these warm showers is. between
thirty and fifty minutes. The variation of velocity measurements from
cpll ts selindicates the probable influence of' strong intermittent
dt.velopment conxponents.

Fortunately, RHI records are also available at this time. The
5 cm tiiie lapse pictures have been ,studied inmorder to determine the al-.
-ttde. 'of the. tops, -of. these- showers.' T'he data on eleveta discrete echboes
ar e iven i n T able . eaenotzt w mde to folo 6 nivdu
ce'l snte RHI and the azimuth of the beam waskpesntal -
chaniged at 220, "the-echo hipights, and thel, grwhosred se prdba'biy
mostly. indicative ofthe physical structiure of A1i'eady _established:cells
and. only slightly amea it! of ther.evlmeht.. owever, it iA vI-
dent'ithat nonek of::the .cells e=edd1,0 ft atfis sexne
whilde five -of them. posse I sed maximum. tops below the meliglvlna
14,000Q ft (s6ee ,Fig, 3.2).' This is strong evidence that thse low level
shawer hos~ Aeireloped: entirely in the water phase.

Table 3. :Showers observed to pass through the beam of the FPS-4 (Azi-
mixth, 220*)

12 3 24 5 6
Time of ist At first appearance Time Maximum Horiz. Dim.

Cell appea.rance Hit of top Ilt of midpt. visible Ht observed :(miles)*
(EST) (1000 f't) (1000_ft) (minutes) (1000 f a

merged
1. 2.154 15 12 w/others - - 3
2 2219 11 8 124 19 4524
5 2221 13 11 6 13 1.9 2
24 P-233 11 8.5 24 11 1.3 1.5
5 2253 10 5 124 1.6-5 4.5 24

6 2-235 11 7 2 01 .6 2
7 22243 10 5 10 135 3.224
8 22243 1.2 7 15 22 4.8 24
9 22248 12 10 24 12 1.3 1

10 2256 12 9 18 22 5.7 6
11. 2300 11 5 2522 7.9 5
* Column 6a givee the dimension perpendicular to tlh_ di-rection of the
bean as computed from the time visible (see text). Column 6b gives
the maximumi dixnenE.ion along the beam, as observed directly.
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The orientation of the beam is such that the cells progress
through it at an angle of about 600. In fact, the horizontal breadth
of a cell normal to the beam direction, neglecting the complicating ef-
fects of beam width, is given by d = 22 x t x sine 60", where 22 knots
is the assumed speed of the cells and t is the time visible. The dimen-

• ' sions given in Column 6a of Table 3 are based on this equation. Column
6b indicates the maximum breadth of the cells observed in the direction
of the beam. The average of Column a is but 0.2 mile greater than that
of Column b, .although consideration of beam width effects leads us to
expect a considerably larger difference in the absence of systematic de-
partures from cylindrical shape.* This discrepancy arises in part be-
cause-of the one. minute interval be.tween RHI pictures which causes the

S' average &uration of cell observations to be somewhat less than the aver-
age period, "in the beam."

While many more cells are visible on the RHI pictures than are
given in Table 3, these are the only ones which can be observed as dis-
tinct entities during the intervals when the azimuth was kept unchanged;L
two or more cells often combine in a way that makes identificationdif-
'ficult.

Itmay: be noticed in Table 3 that the. cells which are small:in
height are alsO of relatively small horizontal extent, 1.ndthere is a
definite tendency for the broader storms to reach greater maximum
hpgihtg. Another interesting fact is that the later cells are, on the
average, larger than those at the beginning of the period of study.
This confirms the PPI observation that the cells increased in size and
intensity for at least an hour after they first appeared.

Toward the end of the period of RHI observation, several cells
are observed with tops at 22,000 ft; at this and later times, scattered
cumulonimbus are aleo present, as discussed below. The period of RdI
observation is less than that on PPI; after 0000 EST the cells are most-
ly north of the station and are no longer seen by the radar beam directed
toward 2200. At 2300 EST, photographs are available at 200 intervals. of
azimuth completely around the horizon. Figure 3.4 illustrates the three
dimensional structure at thi-s time. The main band of convective cells
runs just south of the station. Except for one large cumulonimbus, the
cells have about the same elevation as those listed in Table 3.

* A pulse length of 2 /Asec represents a range resolution very close to

1000 it; a beam width of 2* represents an azimuthal resolution of
about 5000 ft at a range of 25 miles. Thus, a cylinder passing
through the beam at a range of 25 miles will, in theory, appear about
a mile greater in dimension across the been than along it. The FPS-)
PPI photos show the effect as a widening of the azimuthal. dimension
of the weather echoes. This is most apparent with the smaller dis-
crete echoes.

Il
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It is of interest to note that the passage of the first band of

warm showers at South Truro and at Hanscom 'Field was associated with
lightning and thunder. At no other time during the remainder of the
storm was electrical activity observed at South Truro. In other hurri-
canes also, lightning has been observed in the outer regions (Dunn, 1951)
and the cellular nature of the outer bands as seen by radar has been

noted (Ligda. 1955). Judging from the radar appearance as well as sur-
face weather effc:cts illustrated by Wexler's meteorograms (1949), the
outer convective activity is akin to the sumer squall lines of temper-
ate latitudes. It is significant that thunderstorm activity is usually

observed only in the peripheral area of mature storms and not in asso-

ciation with the more continuous type rain nearer the eye, even when the

rain intensity is very great. (Exceptions to the rule are, of course,
observed in even casual studies of reports of individual storms.) This
is. one of the indications of the stability ofthe continuous inner bands

which will be treated later. It should be mentioned that the presence v

of an overlying ice crystal layer above the warm showers has suggested

to some* who have examined the observations that the lightning may be
initiated as a discharge between the snow and the warm shower as the top
of the shower approaches the upper deck. AlternatiVely, the heavy rim-
ing which occurs in the ice crystal cloud, when its base is penetra ed by
dense supercooled water cloud may provide the charging mechanism respon-
sible for the lightning activity. (There is some auggestion, although
by no means conclusive, that the electrical activity occurs at about the
time that the tops of the low level showers penetrate the upper ice
crystal deck.)

3.2 Synoptic Data

The surface weather map for 0150 EST shows Edna east of Norfolk
Virginia. Northeasterly flow prevails at low levels over New England,
and southerly flow aloft is indicated by the Mt. Washington report and

by upper wind reports to be discussed. Over the waters southeast of New
England. the flow is southeasterly and tropical maritime air is being
borne by this flow into New England. Light to moderate continuous rain
and some light showers are reported at southern inland stations; the

Cape Cod and Maine coastal areas are reporting fog and drizzle. There
is practically no suggestion from these synoptic reports of the convec-

tive echoes displayed by the radar, which are superimposed in part in
Fig. 3.5 on a large scale weather map of New England for 2328E, 10 Sep-

tember.

The wind record at South T'ro shows a gradual wind shift from
ENE to SE between 2)30 EST 10 September and 0030 EST 11 September, which
coincides with the passage of the first main line of cells. The 0111

PP picture (see Fig. 3.9) shows that the center of a detached cellular

* Prof. !, S. Marshall of McGill University, for one.
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mass is just south of the Katahdin Hill site (Hanscom Field, Mass.) lo-
cated at 63 miles, 3020. A very brief but heavy- shower commenced at the
latter site at 0107 EST, ended at 0115, and is probably a part of this
region of radar return, The tipping bucket record of this shower at
Katahdin Hill is presented as Fig. 5.6. Note that the total precipita-
tion is only 1.4 mm. Rain fell at a maximum recorded rate of 42 mm per
hour and at 30 mm per hour or more for a minute. As already noted, some
thunder was reported to have occurred at Hanscom Field and South Truro
during the passage of this shower band, indicating that this intense
rain fell from a well developed storm. Indeed, this is indicated by the
TPQ-6 rbcord made at Reservoir Hill, one mile NW of Katahdin Hill, which
shows this heavy shower in time-height cross section. It is identifi-
able on the record (Fig. 3.7) as a,'V" in the return at 0110 EST. The
'" is caused by attenuation at the time of greatest rain itensity.
Perhaps the most interesting feature of this portion of the record is
the reversed.slope of precipitation columns on either side of the. main
shower (at 0110) and the generally symetrical appearance of the pre,
cipitation structu.res in this area. Low level inflow and outflow aloft
(at about 15,000 to 20,000 ft) are suggested by the directions of the
shear.

The Nantucket raob, released at 2200 E$T of 10 September (rig.
3.2), is also of interest. It indicates that practically saturated con-
ditions exist from the surface to 790 mb. A temperature 'inversion exists
from. 1019 to 995 mb and above this the lapse rate is in excess of the
moist adiabatic to the base of a dry layer at 790 mb. Retwteen 995 mb
and 790 mb the condition is, therefore, one of marked instability. Fram

S790 mb to 6b0 mb the air is convectively unstable. The wind exhibits
strong shear only in the loVest 1000 feet and again between 20,000 and
25,000 where the wird increases in speed from 26 to 55 knots and shifts
in direction frm 1706 to 20Cc. As already noted, the average drift of
the convective echoes toward 340* is in excellent agreement with the
winds between 3,000 and 9,000 feet. Reference to Table 2 shows that
echoes 1 an& 3, which move from the SE, are also at the greatest range
to the southwest. Interpolation between the Nantucket sounding and the

2545 Hempstead sounding, Fig. 3.8, Indicates that the motions of these
two cells are again consistent with the indo between about 3000 and
9000 feet.* The Hempstead and Nantucket wind data lend further support
to the idea that effective generation of the echo 'is occurring well be-
low the melting level, which is between 13,700 and 13,800 feet.

The Hempstead wind report has explained a portion of the varia-
tions of observed cell velocities. The Hempstead dew point and tempera-
ture-height curves for the same time indicate a neutral or somewhat

* Velocities of echoes on the FF1 are generally representative of those

levels in which the RH. scope shows the echoes to be vertical. See
Section 5 for further discusslon.
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stable temperature stratification and this is a reasonable accompaniment
of the more uniform type of echo observed toward that site (Fig. 3.3).

It is difficult to understand, simply on the basis of the Nan-
tucket and Hemptead wind reports, why the cells should form in lines or

bands. If the lines are directly related to the vertical wind shear, as
proposed by Kuettner (1955), the relationship must be delicate indeed.
In Fig. 3.5 the convective bands are seen to be nearly parallel to the
surface winds or isobars and this relationship seems to hold approxlmate-
ly for the major banAed structures throughout the storm. The PI records
(Fi-g. 3-.3) near the time of initial formtion and the similsity, :
the zizes 'of cells within a line indicate that their initiation is near-
ly simultaneous, and that growth proceeds ore or less uniformly along
the lines. In view of 'the above, it appears =ore reasonable to ascribe
the line. to" unmown dynaics of the horizontal flow rather than to its
Var ations in the vertical.

:.A last item of interest is the indication of Table.. 1-that ",v-
eral.convective cells were limited at. theaM5 height%.of.22,000 feet.

* This observation may be an indication of A" b r to :further growth
'nar tht level. The Nantucket sounding indicates that this 1may. be

5 istrong wind shear between 20,000 and 25,000fee. PtI: 'iPc esafter
2320 EST,, however, show significant peneration. of the -upper -1.sier layer
and foimation of large cumulonimbi reaching toat least 35,000,- ,ffS.---
'Such growth :may have been oeccasioned by the natural :seeding of the.su-
percooled water in the convective cloud tops by ..particles from the upper
ice crystal deck. This process would cause a sudden increase of cloud
tqp. temperature through,.release of the. latent heat of fusion, and pro- .

* vide an accelerating impulse for continued growth. 'It should. bb noticed
further that the layer of strong shear also separates the dry :zone Of
the middle troposphere from the moist,, nearly neutral layer at 400 ub
and above, which has been mentioned earlier. The forhation of the ccli-
vective cells at very low levels and the failure of .many of, them to pen-:c
etrate through the dry shear layer show that these cells,are "basicaly,.
a low leve,. i.henomenon, only remotely cOnnected to events in the upper " "
troposphere,

The PPI photographs give us scme idea of the evolution of the
bands of convective cells after they had moved northward, and were not
extensively observed by RI. Figure 3.9 illustrates the progressive
change to stable type rain which occurred. The cells gradually lose
their sharp outlines, and by 0421 EST when the band is located about
100 miles to the north, the conversion to more or less stable type rain
is virtually complete, except at the eastern end of the band. It is ap-
parent also from the figure that the banded structures as well as indi-
vidual cells lose definition) and there is a tendency for merger of in-
itially discrete bands. This conversion may be attributed to continued
low level convergence which operates to establish a neutral lapse rate.
When this occurs, the precipitation musL be more nearly uniform and due

20



C14-

tot

0

0 a

1' 0

c~z ma

. I

7- i

C~C



aanaost entirely to the large scale convergence accompanying the hurri-
cane.

It is believed that the air passing Nantucket at 2200 EST was
previously even drier above the low level inversion, but convectively
unstable. The air may have attained such a state by the operation of
subsidence and radiative processes in the middle troposphere, and. heat
and moisture transfer from the ocean surface, over a period of days.
As large scale convergence begins, the lowest layers are rendered satu-
rated and unstable first, because of the great moisture values near the
ocean surface. Convective overturning and continued large scale con-
vergence then operate to increase the moisture content of the upper
layers. Virga falling from the upper cloud deck (Fig. 3.1) to the drier
air beneath may also serve to decrease the stability of the middle lay-
ers by evaporative cooling. Transport of heat upward by the low level

V , convergence and the convective overtlr.Ling, however, must ultimately
4 stabilize the air. The 2200 EST soundirg apparently catches this proc.-

ess in the middle of its act. That showers of this type occurred. in the
Cape Cod area in advance of the storm, but not at H1efst*4& i(irarar .pho-
tographs taken at 'Montauk Point indicate little: convective - activitly
St ahead of t stom over Long island), Appears to be., relate .sil,' t"
the different air mass types present at the t~o locatins., In a.!,setse
then,i this occurrene 'may be viewed as a synoptic accident, tho0 the
flow pattern about a storm in middle and high latitudes must be iustru-
mental in drawing air of characteristically different properties into
specific regions.

4. Banded Structures Observed in Hurricane Edna

The radar photographs of "Edna," like those of other hurricanes, in-
dicate that the precipitation area is comprised mainly of banded struc-
tures. However, it is found that.stability, moisture, vertical wind
shear and other meteorological parameters vary irregularly over the
r.iny region. It is difficult, therefore, to relate banded structures
to these parameters. Variations in the internal structure of the bands
also occur, as is shown below; it appears that many of the patterns are
similar mainly with respect to their bandediess, and otherwise bear lit-
tle resemblance. This section deals primarily with the observations in
the hope that others.. may be stimulated to seek appropriate hydro- and
thermodynamic explanations.

4.1 Outer Bands

The characteristics of the outermost hurricane bands are re-
viewed only briefly here, in view of the treatment in the preceding sec-
tion on warm showers. First evidences of these structures are observed
near Nantucket at 2200 ESTo Approximately 20 dots about one mile in di-
ameter appear nearly simultaneously in a region 50 miles long and 10
miles wide. Like most of the bands to be discussed later in this

.. ,
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section, their orientation approximates that of the surface isobars or
surface winds. Within twenty minutes many of these grow to a diameter
of five miles. At nearly the same time, a second line of showers ap-
pear-s to form over Cape Cod proper, but is masked by general scope sat-
uration at close ranges. As noted in Section 3, the average motion of
individual cells in the bands is 22 knots from 1600, in excellent accord
with the Nantucket winds between 3,000 and 9,000 feet. The cells form
in a convectively unstable layer in which there is only very slight wind
shear. As large scale rising motion and horizontal convergence and
smaller scale overturning continue, the air is rendered less unstable
and the cells gradually merge and form a nearly continuous precipitation

Fi area. Some'low level convergence is indicated. by the South Truro obser-
vations, the wind being light southerly from 1430 to 1850, light NE from
1900 to 2330, and SE after passage of the main band. Boston., at the

*western extremity of the band, and Nantucket, near the band urhen it is
first observed to form, report no such wind shifts. The wind at Boston

* i i is NE to NNE from 2400 of the tenth to 0330E of the eleventh, while that
at Nantucket is SE or SSE at these times and also earlier, from 2200E of
the tenth when the band first appears.

It appears, therefore, that the initial trigger for the main
band of warm convective showers is a line of convergence parallel to the.
surface winds or isobars. While the individual showers move, with the
winds from 3,000 to 9,000 feet, they remain in this line. Further. the
absence of noticeable tendency for new development ahead of the band
suggests that the line of convergence gezewit th ...... Thle
duration of precipitation for a period over four hours also indicates
that the line of convergence is a persistent feature. There is a. sug-

* gestion that a convergent region developed or spread with an eastward
component, for new convective cells are seen in Fig. 3.9 to be initiated
,east of the main precipitation area.

The reader is referred to the figures of the preceding section
on warm showers for illustrations of these bands and the wind field ac-
companying them.

The second banded structure developed swiftly, as portrayed in
Fig. 4.1. Almost perfectly straight rows of echoes about one mile in
diameter appear oriented along 2600 - 800. At times, the orientations
appear to vary slightly. Individual rows are often staggered, their
ends lying parallel to one another and at a separation of about eight
miles, although this distance varies between five and twelve miles.
Surface winds at this time are generally ENE to NE in the area of these
bands; therefore, the surface winds blow from a direction counterclock-
wise te the eastern ends of the bands.. This is illustrated by Fig. 4.2.

Figure 4.5 is the Hempstead raob for 0400 EST, 11 September,
approximately one-half hour before the first of' these bands was observed
from South Truro and fifty miles WSW from the point of their appearance.
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Portions of' the Montauk Point radar record (not reproduced here) show
that stable type precipitation is present in. the Hempstead area at the
time of the sounding with these fine bands somewhat to the east. Sub-
sequently, these fine lines appear still further to the east, and this
tendency for filling in the space between two major precipitation belts
is also evident in Fig. .l. The sounding indicates stable (nearly neu-
tral) conditions from the surface to 730 mb and slightly unstable strat-
ification above the marked inversion at 750 mb to 700 mb, the highest
point reached by this ascent in heavy rain. The wind veers with in-.
creasing height from. NE to SSE and has a maximum speed at 3O00'. RHI
pict' 'es indicate that two precipitation types comprise the echo pat-
terns shown in Figs. 4.1 and 4.2. The cellular lines are undoubtedly
low level, while the more continuous fuzzy echo in which the cells seem

embedded has its origin in the .middle troposphere . Such overlapping of-
Swo distinctly different types of precipitation echoes is due 'to t1he,
wide vertical beam of the FPS-3 radar. (See pictures 1-14 of Fis.
10.1. andlO.3.)

It may be hypothesized that the air is .originally somewhat more
unstable than is indicated by the Hempstead sounding;.,.(Fig. 4-.3) ;:Pari-
cles comprising the upper deck grow as large ,!scale conver'ence procee'd"
this explains the increasing echo receiVed fromthe ute' layer and the

lowering of its base. Simultaneously, the low level warm showers, are
initiated. These serve as an additional mechanism leading to saturation
of the middle troposphu.re and,a more rapid descent of the upper mass.
Finally, the air is stabilized as in the case of the warm showers previ-
ously discussed) and a nearly uniform precipiL.tlon patter-n iS observed.

Except for the smaller size and closer spacing of the cells,, it does ap-
pear that much of the precipitation observed here is quite similar to
the w&rm showers observed earlier. lWhile RH. pictures (Figs. 10.1 and
103) suggest that advection of the precipitation from the SBE may play
some role in the apparent lowering of the upper echo masses seen at 2200,
the PPI pictures indicate that area-wise, development rather than advec-
tion is the primary factor. Of partIcUlar interest is the suggestion
that the outbreak of precipitation in the space between the bands in
this case spreads eastward approximately parallel to the surface isobars.
The velocity of spread can only be estimated, but 100 to 150 knots seems
to agree with the observations. A similar, but less spectacular, devel-
opment to the east was noted in the outermost band. Attempts should be
made to corroborate these observations in other storms, since they may
provide a clue to the hurricane dynamics. Figure 4.4 illustrates the
three dimensional structure of precipitation and heavy cloud as seen by
the FPS-6 radar from South Truro shortly after the last PPI photo of
Fig. 4.1. The lowering of upper echo masses described in the text above
is complete to the south; however, the onset of precipitation from aloft
is indicated at 1200,L
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4.2 Inner Bands

More or less homogeneous bands are most prevalent within about
150 miles of the eye. Figure 4.5 illustrates sach a structare about 70
miles NNE of Edna's eye. Examination of PPI time-lapse film indicates
that the motions of a few small precipitation areas in this location
relative to the eye (not deduced from these pictures, however, but from
others at different times) are toward 3100 at about 60-65 knots (see
Section 5). However, Fig. 4.5 shows that the band area moves toward the
NNE at 50 or 60 knots. The South Truro PPI photographs in this case are
not spaced closely enough in time to allow positive identification of
the same elements in successive pictures. However, careful examination
of the original films suggests the following explanation of this appar-
ent discrepancy. First, the band area is undergoing constant develop-
ment along its eastern end, giving the impression that its motion has
an eastward component. Also, development along the northern edge of the
precipitation region gives an exaggerated first impression of the speed
of northward motion. Thus, the development components account for part
of the discrepancy. Secondly, it is believed that the motion toward
310* in this 1ocation is probably representative of imbedded convective
cells the generation of which is similar to that of the warm showers
discussed earlier. The elements within the more or less homogeneous
bands under discussion here are of a different origin, and should not
be expected t6 move in.the same direction as the convective cells. This
is amplified below.

Fisire 4.0 contann senecti ns from the R - recorrd nsnciated

with Fig. 4..5. Note the striking appearance and persistence of the
briht band first seen between 80 and 90 na. mi. on the 1010 photo. In
the last frames, especially, convective cells also appear. These appear
similar in their generation to the warm showers and should move with the
winds below the melting level; here toward 3100. Therefore, it is not
surprising that the motions reported in Section 5 should reflect those
of the more convective elements, since these are usually easier to fol-
low, and the quality of the film used in deriving most of the velocities
allows little choice. On the other hand, the rain associated with the
bright band is generated aloft and moves with the upper winds. Indeed,
careful scrutiny of the original South Truro film suggests that such
discrete, though ill defined, elements as exist in the nearly homogene-
ous area move toward 5500. While we shall discuss the significance of
these bright band observations in greater detail below, it may be noted
here that the persistence of the bright band implies that: (1) some of
the bands on the PPF scope already exist aloft in the earlier stages of
snow formation; (2) vertical velocities at the O°C level in these re-
gions cannot exceed a value of about a m/sec which would prevent dry
snow from falling out of the upper layers.

The raobs so rar p -niented in this report strongly indicate a
turning of the winds with height In the manner suggested above (see

27
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Figs 52 and ) (9) The veering of the wind with hii gh' may be assc.
ated in many cases with outflow aloft from the hurricane vortex and in-
creased wind components away from the eye at the upper levels. This Is
a necessary adjunct to the large scale low level convergence and rising
motion accompanying thl widespread precipi tati.on. These outward compo-
nents in the vicinity of the eye are shown by Jordan (1.952) to be most
pronounced in the sector immediately ahead of the etorm,in accord with
what we have found here for Edna. In. future radar hurricane studies.
careful programing of observations may lead to a more accurate descrip-
tion of the wind distribution with height in the precipitation area near
the eye, where all types of more conventional observational techniques
suffer seriously from adverse weather conditions.

Raobs taken at about the same time as the photographs of Figs
4.5 and 4 6 are given in Figs. ..1.7 and 4.8. Note that the Bedford
sounding about 50 miles north of the downwind end. of the precipitation
region indicated by the lo40 EST PPI picture shows very little change
of wind direction with height above a thin surface! layer. The sounding
terminates nrtar the melting level,.probably because of balloon icing
The humidity measurements are obviously in error at upper levels, The
wind direction of 1100, between 8,000 and 14,000 feet. is within 20 of
the direction of radar weather elements in this location relative to
the eye, .as reported in Section 5. In view of the above analysis, we
must assume that the wind veers at levels higher than those reached by
this:ascent. 'The Nantucket sounding of 1.025 EsT (Fi g. )i,8) taken at the
upwind end of-the region indicated in the 1028 picture confirms the al-
nifst, neutral stratification for saturated. conditions given by the Bed-
Iord sounding. The same error in humidity measurements is present and
this may be duc to a washing of the lithium chloride from the humidity
(~I'meail by rain. (The occurrence of these errors has been noted by
To.tiu.n and Jordan (1954) and. has been comented on briefly by Middleton(,. 9 hj), )

4, ;5 Banded Structures in General

Figures 4.9 and 4.10 are intended primarily to illustrate the
rr-,lat:l.onships between the band directions and those of the 2urface winds
and isobars The isobars and wind and band directions are most nearly
par-,llel at the upwind ends of the bands, if some intense convective
echoes in the eastern semicircle of the storm be excluded from cot ,-Ider-
ation. Parallelism is poor in the northern outskirts of the stlorm, il-
lustrated by the northern half of the 0730 picture, where light winds
manke a large angle with bands and isobars Downwind along the bands,
both bands and winds tend to spiral in toward the eye, with the winds
showing the greater incurvature The bands are therefore oriented be-
tween wind and isobar directions at their downwind ends. (The wind and
pressure fields of Edna a.e discussed. in Section 9.) .1t is of interest
that the N-S elongation of the hurricane circulat on, as givn by the
cha;-jfrni distribution of surface winds and isobars as Edna approaches
Cape Cod, is in some measure reflected by the chanping band orientation
depicted, in Fig 4.10. The N-S band elongavtion show, at, -i3E, Fi5
11.10; may be related to a ujmilar extension of the surface iL.- bar; wh.1 ci
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commenced about an hour earlier, and is shown to better advantage by the
173CE synoptic chart, Fig. 10.l. Sharp edged and small echoes of con-
vective origin frequently have their long ares at a large angle to the
surface wind direction and, as suggested above, these are most commonly
observed in the northeastern quadrant of the hurricane. It appears to be
generally true that both winds and bands spiral inward toward the hurri-
cane eye, with the winds displaying somewhat greater incurvature.

It is also of interest to examine in Figs. 4.9 and 4.10 and
elsewhere, the detailed structure of the bands. It will be remembered
that the outermost bands are lines of convective cells. Nearer the eye
rain falls generally, but evidence of cellular structure appear within
the long banded concentrations of heavy rain. Within 200 miles of the
eye, cellular structures no longer predominate, although they still oc-
cur; most of the rain is contained in relatively diffuse bands ranging
in Vidth from 5 to 30 miles. It is noticeable too that the bands at
great ranges from the radar appear wider than those which arc close.
This is believed due to an actual widening of the major bands with in-
creasing height, associated in turn with high level divergence.. This is
consistent with the theory that the major bands are loci of intensified
low level, convergence and high level divergence, other evidence for
which has been obtained by Simpson (1954). Incidentally, only little
direct evidence concerning intensified low, level convergence in the vi-
cinity of bands has been obtained in this study from the reported sur-
frice winds, since the distances between reporting stations are large
compared to the band widths.

One of the interesting features of the nearly homogeneous band-
ed structures is a small scale graininess and filamentary structure.'
These structures are apparent only in some of the photographs. Their
detectability is a function of the radar settings as well as their actu-
al physical presence. These small scale structures, a typical dimension
of which may be taken as 1/2 mile (altnough the filaments at times ap-
.ear several miles long) can be associated vith short period fluctuations
of the Drecipitation rate at the ground, as revealed by the rate
of rainfall record taken at .atahdin Hill, Figs. 4.11 and 4.12. The
second of these figures is particularly interesting because it illus-
trates the records of two independent gauges, which were situatAd ten
feet apart when the records were made. (See Section ? for further dis-
C"Ission of rain gauge details.) The t:eneral similarity of the traces
di'ring the heavy showers (and at other times as well) is evidence that
L1-e fluctuations are real, The fluctuations, which have periods as
short as 1/2 minute +broighoiit the time of heavy rain, are suggestive of
an intermediate scale of cell or turbulent structure within the bands
!,.Lich afrees qunlitatively witli the rraininess observations. A period
of 1/2 m.inlitc zt the ground corresponds to a length of 1/2 mile with an
,uprer wind of 60 knots; these figures are in reasonable accord with the
s,5inoptc observations and the observed speeds of weather radar elements
(ect-on 5). ;e thus come to picture some of the rai- band- :ithin 150
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0 ~EDNA PAIN AT KATAH4DIN H4ILLLEXINGTON,MASS. AS DETERMINED
FROM TIPPING BUCKET RECORD
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Fi.41.Edna rate-of-rainfall record, determined from a Friez tipping bucket gauge located at Katahdin Hill Massa
(Hanscom Field). The rate of rainfall is given by the time interval between successive tips, which are Individually
rego wred by an Esterline Angus recorder. The intensities reproduced here have been computed from each tip prior to

100EST; at later times only the total number of tips each minute are considered, thus the average rate during each minute.
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rate for a brief period.



miles of the eye as consisting of ensembles of small cells or filaments,
The width and breadth of a band are both large compared to a typical
cell diniension, although some filamentary structures extend for consid-
erable lengths along the bande.

The relatively uniform and very light, but gradually increas-
ing, precipitation at Katahdin Hill between the hours of 0200E and 0500E
is suggestive. of a descent ef particles which are first created in the
main rain area of the hurricane and carried ahead of it by strong upper
winds.. Ice crystals, descending from such an advected upper cloud and
melting, may grow by accretion in the lower clouds, An ice particle
with a fall velocity of 2 ft/sec, carried forward at a speed of 60 knots.,
would travel about 100mlshieflng100fet (These figures.
are applicable,, of oourse,, only above the melting level; other mecha-
nisms are probably also of importance in. determining the nature of the
'first rain. See.Section 6,.) It must be recognized that the high ice
arystal clouds in advance of the storm, need not arise by ejection from
the main precipitationare., but can also form as a result of ascending
currents at their high levels;.the operation of the two processes cannot
usually be distinguished by means .of radar alone~

I~n the region of heaviest rain, the. b.ackgrouM d.prec1lpitatiofi
rate 6f one Vo two inches per hour. implies the. presence of upd.rafts In
the middle troposphere of o=5 to two meters per second (see-Section.6).
Thus,.many smaller particles could conceivably be carried to high levelsI
and. 'be swept abead of the storm by the diverging flow aloft. As noted
above, the ce nters of the -bands very probably mark precipitation and up-
draft maxim&; in the,,areas between them the falling precilpitation. is. t-
tributed in part to particles caxried away from the band tops by diver-
gence and in part to condensation within the weaker updrafts surrounding
the main bands. in many cases the avrea immidiately ahead of' a rain band,
as shown by radar, is5 associated with a diminution of cloud and precipi-
tation. This is attributed to a downdraft and region of low level di-
vergence which compensates the intense conivergence of the band. These
phenomena are Illustrated in Figs, 3.1, 3.., 10.1 and 10..

Yet aniother example of fiace structure is indicated by Fig. 4.13.
her w have the "tand wJt4hin a band"t structure at Lts best. One is rc-
minded of' Sirnpson'c visual observation (19 5h) of the fine structure of
spiral rein bands wtich "rvae a Feries of billow type striations of
small clouds oriented about 4 to the line of the Espiral band." It ap-
pears, however, that those In the attached figuire cover a larger area
than could be edequatly surveyed ci sually; furthermore, since they are
iLabedded tn precitpitation they cannot be. readily observed by visual
mean& alone.. It, may be noted that the orientation of' these Internal
striations iF. almost perfectly parallel t~o the surface, isobars (see
YIg. L 10 '). Their character and oriF-ntation s.uggest that they may rep-
resont re#Fgionc of low level cloudinesp, in vibichi the raindrops grow and
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A final characteristic of the inner rain bands is the presence
of comparatively great convective activity at their upwind ends, (Note,
for example, Figs, 4.9 and h i0.) If the air flowing Into these bands
is initially convectively unstable, then the rising motion will set off

convective cells which decay as the air is rendered of neutral stratifi-
cation by overturning and by the continued large scale ascent- Downwind
along the bands, the precipitation would then become more continuous, as
is observed-

4.4 Some Further Remarks on the Origin of the Bands

Ligda (1955) has also noted the convective nature of the outer
bands and the relatively smooth structure of the inner ones, and has
speculated that the inner and outer bands owe their development to dif-
ferent processes. lie associates the outer bands with a type of squall
line plhenomenon. The inner, less convective spirals are. attributed by
him to the low level growth in spirali stratocumulus roll clouds of wide-
spread continuous rain, which. is supposed to have its origin at upper
levels, While not deiying the importance-of such 16w level clouds, the

" . present authors incline to attribute both band formations to the same
dynamic (unknown) mechanism° Since inner hurricane bands are often de-
te. ted at great distances, e.g. 150 miles, they assuredly exist aloft in
many cases* 9nd do not derive their basic structure entirely from low
level growth. Indeed, Fig,, k 6, shoving the bright band 'on RHI, offers
direct evidence of the existence of a banded .orderliness in the snow
iljror to its fall into the lower level .lso, in t4hs case ther- 1.
little or no low level growth, indicating that the corresponding band
(Fig. 4..5) must have obtained its form in the upper levels. It is be-
lieved that, structures such as that of Fig° 4.6 are frequently well de-
fined aloft, but the precipitation is so spread by wind shear between
the layer of its generation and the groimd that it appears diffuse in
most cases on the PPI.

On the other hand, we have shown in Section 3 that the outer
(:orivcti ve bands originate in the low levels, but retain banded struc-
ture even as they change their character to a more stable type (e-g.
P..;g 5 3, .k and , 9) - in view of this kind of evidence, it seems
very likely that the banded rains occur because the horizontal distribu-
tions of convergence and ascending motion, which give rise to the rain,
are themselves banded. Wnether the rain az one placc -is stratiform or
convective, light or heavy, depends on the stability of the air masses
involved and the intensity of the convergence bands, other factors being
equal The presence or absence of' low level growth is dependent on ad-
vection into the rainy region of clouds formed elsewhere and en the

* Under standard conditions of' propagation, closely approxiiated :in

hurri canes, the minimtm height of a radar signal at a range of 150
statute miles from a ground station is 12,000 feet.



Fir. 4.13. Banded structure of Hurricane Edna, 11 Sept. 1954, 1334 EST, as seen from So. Truro) 23 crn radar.
Note the "band-, within bands" structure enclosed within the rectangle, and the W13 29 aircraft at 210 , 45 miles.
Maximum range depicted in this picture is 100 nautical mls



presence of low level convergence and updraft. As in the case of the
internal striations of Fig. h13, we believe that low level stratoci.u-
lus rolls sometimes give rise to relatively fine bands and filamentary
structures, by providing the pattern of low level growth and enhancement
of radar signal described by Ligda.

While the quantitative explanation of the banded structures in
hurricanes and in other weather systems is unknown, they may reflect
little more than selectively anplified disturbances or the occurrence in
a circular vortex of structures akin to cloud streets of the tropics, as
suggested by Wexler (1949). In this connection, Abdullah' s recent anal-
ysis (1554) is also a very interesting approach. Attempts by the present
authors to relate the bands to wind maxima and wind shear, as proposed by
Kuettner (1955), have not led to consistent results.

Understanding of these varied, phenomena will proceed slowly so
long as detailed measurements of meteorological elemnts through large
regions of the storm atmosphere are lacking. Careful use of tmdar, es-
pecially systems of high resolution, may prove of considerabe id in*
such a measurement program.

S5. Horizontal Velocities and Vertical Shear

5.1 Horizontal Velocities

The velocities of many individual radar weather, elements have
been dotermined, using ?PI pictures taken at RAnscom Field and South
Truro, Massachusetts, aad. Montauk, Long Island; and the locations of in-dividual velocity determinations have been related to the known po.i
tions of the eye. The Hansecom Field pictures provie data for most .of
the measurements to the north and west of the .eye!. The 'Montauk pictures
provide data for most of tnose to the NNE of the eye, while the South
Truro pictures provide many of those at the most easter!y compass points
The number of measurements based on data gathered at the three stations
is: Montauk - 32, Lexington - 18, South Truro - 4, or a total of 84.

In general, it has been possible to determine, speeds and direc-
tions of precipitation elemefhte most readily at the upwind ends of the
bazidf. At the downwind ends, the patterns are so diffuse and the life-
times of discrete elements which are present are so short that it is
virtually impossible to determine the speed. of movement. Although the
hurricane passed. east of Montauk the pictures at. that location give
little Information on the wloctiles wst of the eye because they were
taken at the rate of one every 2 1/2 mimlnutes. In this Interval the ra-
dar weather elements traneform so greatly that few casn be identified as
the same on successive frames. In many cases, a directlor. of motion.
but not speed, can be determined.

"Fgure 5.1 11.ustrates thu- velocities of' radar wat .nr elemente
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based on the quantitative measurements, as a function of position rela-
tive to the eye of the hurricane. The patterns have been smoothed con-
siderably from the original measurements. As explained In Section h,
the velocities are believed to represent most closely the motions of
convective cells whose substantial generation occurs betwreen 3,000 and
9,000 feet, these discrete cells being the most readily observed on the
photographs. Figure 5.1(a) depicts the motions as directly observed on
the radar scope. When the velocity of the hurricane as a whole is sub-
tracted from the observations as in Fig. 5.1(b), the motions are seen to
be nearly tangent to circles moving with the storm and with the eye at
their centers. It is noteworthy that the center of rotation of the ra-
dar echoes coincides, as nearly as can be determined, with the pressure
minimum and center of surface circulation, as revealed by airways re-
ports. This is even clearer from examination of the time-lapse photos
when these are projected like a .movie than from study of the limited
quantitative observations on individual cells. In Typhoon Lorna, 1954.,
it appears that the surface center of circulation and the pressure min-
imum were separated by about 35 miles, urike Edna,. In the case of
Lorna, the radar center., as deduced :from individual echo velocities, is
,.bout midway between the surface pressure end wind centers (Hat-akeyma
et al, 1955).

Figure 5.2 represents the distributiou of speed (relative to
the earth) as a function of distance from the eye and shown for sectors
east and west of 20 e azimuth. Although the scatter among the points is
great, there is little doubt that the maximum speed of the echoes is to
we fuu±d aL abou 125 miles from the eye.. *Figure 5 2 also shows that
'the velocities -on the easterly side of the storm are scxewhat higher at
all ranges ttan those more nearly ahead of the eye; this tendency is the
same as that of the surface winds. It is usual for the stronger winds
to be in'the right semicircle of a hurricane (Dunn, 1951)." Comparison
of these curves with surface winds enables one to deduce the variation
of wind ith, height In the storm. In Fig. 5.3, there is plotted the
average of the curves of Fig. 502 and the average winds and gusts re-
ported at Nantucket and South Truro. The exposure at both these sites
is ideal and the winds reported Fhould be nearly representative of those
over the open sea. The wind records of the two stations are nearly the
same when referred to the eye except -very near .hp eye; and tb cOurveL
for the two stations are therefore presented as one in mnet of the fig-
ure. It may be recalled (frontispiece) that the center of Edna passed
directly over South Truro, but west of hantucKet. At the time of close-
est approach, Nantucket reported her highest winds.

The most probable representative low level wind may be taken
between the reported average winds and the gu,.tso Figure 5.3 therefore
indicates that utide of the zone of maximum. su rface winds, the winds
increase with height,. Within 40 miles of the eye the winds appear to
decrease with height. The scatter oC the points of Fig. 5.2 is such
that in the zone between 4O and 90 miles, and also with-in 20 miles of
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the eye, the sign of ;ihe change of windspeed with height is uncertain.
As noted earlier, the radar wind data are probably most representative

of the winds around 6,000 feet and these comments should, therefore, be

applied to the low levels only.

We may compare the latter results with some work of Simpson
(1954).. After his reconnaissance of Hurricane Dolly, 1953, Simpson com-
puted the change of pressure gradient force with height in the lowest

7,000 feet and found "that while there was a rapid decay of pressure

gradient force with height immediately adjacent to the eye, there was

conversely an appreciable increase with height at a radial distance of
60-70 miles from center to either side of the eye, but not along the
line of storm movement." (Sixty miles ahead of the storm, the pressure
gradient force showed a very small increase with height, while behind in
the rain-free sector, it showed a decrease.) It is also of interest that
the maximum surface winds in Dolly occ. .red aL radii of about 40 to 60
miles from the eye, thus placing the zone of pressure gradient increase
with height in about the same relation to the maximian surface Winds that
is suggested by this study of Edna.

The absence of warm core structure in the low levels is indi-
cated by Simpson's reconnaissance of Typhoon Marge (1955). here little
or no change of temperature was recorded along a track into the eye at
a level of 9,000 feet. Simpson's most recent work (1955) shows the warm
c..rc tructure only i,.,d- Wly adjacent to the eye or Edna. Indica-
tions are, therefore, that this pattern of decreasing winds with in-
creasing height does not obtain in the low levels of a hurricane rain
area outside of the radius enclosing the- eye and the maximum surface
winds.

Figure 5,h illustrates the fields of divergence and vorticity
rePrcse . y UY g1 5.1. It ii seen that near the eye,. especially on
the west side, the computations indicate a strongly divergent field
In the outer fringes of the storm, convergence is indicated at the ef-
fective generating level (for the discrete echoes), believed to be

around 6,00.0 ft These results, insofar as they idica[.e strong diver-
gence, are rather startling and should probably not be taken seriously
at present.

Accuracy of the original velocity measurements is not high,
and errors are likely to be compounded in the determination of deriva-
tives (a network of points 20 miles apart is used in computing Fig. 5 .4).
Furthermore, we do not definitely know the level. to which the diagrams
apply. or evens if any one level can be associated with. the observed ve-
itocities. it will be intereEting to compare Fig. 5).4 and the others
with the results of future investigations of individual storms.

ii.,
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Fig. 5.4, liori zoittal diver neoe and vertical componenlt of otitydetermined from the velocity measurementsdpceInFig. 5.1. The results apply to the generating lvlfrdsetieniileho r, esabyaou
6,6b0 feet. In the computations these res~ult apea an differenoes, the magnitudes 6f which are about the aeathe probable errors inherent In the basic data. Tfie validity of these charts is therefore in considerable doubt at thistime.

Fig. 5,. This photograph of the FPS-6 scope was Fig 5.6. -11s pIcture of the FPS-6 scope was
taken tit 0945E 11 ept I94, with the antenna direc- taken at; 0665§, 11 Spt. 1954, with the antenna point-

the tofr whic i s slpigprciiato in toad 60 . Note the relatively great slope ofstreamers, terain owhcisintialy generated as the =ery echo, as cumpared to those at 50 nauticalsnow. The brightest range mark indicates 50 nauticalmie(cnr fht)Teraerxrmedfrne
miles, Th eaiey hj pe dg fteeh illustrated here is probably due in part to real varia-from 20 to 40 miles marks It e melting level. tions. However, the occurrence of similar effects on

many other photographs at widely differing azimuths
indicates that the observation is due also to the width
of the radar beam, which produces a gross averaging
of echoes at great ranges.
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.In order te obtain improved velocity data In the future, it is
suggested that. (1) a high quality t~mhe lapS. PPI film be taken with
intervals not to exceed 1/2 minute.; (o) particular cells be selected for
velocity measurements during the Ftorn and that RHT photographs be made
in the directions of these cells. (The slope of the pattern on the RHI
scope is indicative of the level at which the velocity measurement is
valid. See below.) Of course, optimum velocity measurements )n the PPI
require a narrow vertical beam radar which does not superimpoze the ech-
oes received from a thick layer of precipitation. Such measurements
would also be facilitated by constant level PPI presentations.

5.2 Vertical Shear of the Horizontal Wind

The vertical. shear of the horizontal wind may be determined
from RHI pictures with certain assumptions. If paTticles of the same
size are continuously generated in an element, the slope of the pattern
on the RHT scope is given .by-

dz vz  uz

where x and z are horizontal and vertical displacements, respectively;
Wg is the velocity of the generator responsible for the release of the
orecipitation elements (us.ualv arumted to be the same as the wind at
its level),.; wz is the component of the wind velocity at height z in the
direction of motion of the generator; v is the particle .fall velocity
and uz is the velocity of the updraft tough which the particle is
falling (Marshall, 1955 and Atlas, 955). It is of interest that, with
continuous generation of particles in an element, the pattern formed
moves with the velocity of that generating element. (This is the reason
for the assumption made in Section 5.1 that the generating level .is that
at which the winds given by the soundings are the same as the measured
velocities of radar weather elements.)

Two regions of shear are shown in the South Truro RHI pictures.
The first is illustrated by Fig. 54, where numerous streamers may be
noted at heights between 18.,000 and 30,000 feet. However, the orienta-
tions along different azimuths do not appear .onSe4 ont and the pictures
are not sufficiently detailed to enable accurate measurements of slope
to be made.

The second region of noticeable shear ik. in the lower levels
and Is illustrated by Fig. 5.5- The average of some dozen observations
of" this type between 0600E and 1600E, 11 September, indicates that the
term (X-Xo/z-zg) (a space average of' dx/dz) for streainers between the
melting Iev.l and the surace, range from about 0.6 to ..0; with the
direction toward which the lower portionE of the trails slope indicated
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as betweer 2000 and 2400. Scope saturation at close ranges and the
great range-height distortion introduced by the long horizontal ranges
used, cause the individual measurements to be somewhat uncertain.

As indicated by Eq. (1), the pattern is vertical where wz = w ;
thus a vertical pattern is expected at the generating level. The photg-
graphs show, in general, that in the widespread continuous rain the pat-
terns are not vertical at or below the melting level, but somewhat above
it. Just haw far above is not known, since most of the photographs
which show snow at all demonstrate a rather complex structure of nearly
vertical streamers which do not lend themselves to accurate s!_m-i meas-
urements. The extreme range-height d1stortion of the Edna M pictures
also makes precise measurement difficult.

It is interesting to consider the upper -wind observations with.-
in the storm area in connection with the observed precipitation trails.
The Reservoir Hill (Hanscom.Field) sounding of 0900E, 11 September,
given in Table 4 below, is like most others in the main storm area in
that there are no reports from above the melting level. However, the
reported low level wind velocities can be associated with the observed
low level trail directions if the winds at the .generating level are from
the southwest and have somewhat greater,.speads than those in the low
levels. The vector differences of the low level and generating level
winds would then be about parallel to the direction of the low level
trails. Arguments similar to these apply, in consideration of the other
upper wind reports available. It may be noted that the veering of the
wind with height deduced here is similar to the result obtained in Sec-
tion 4 by consideration of the motion of a diffuse band (Fig. 4.5).

Table 4. Winds reported from Reservoir Hill, 0900 EST, 1 September 1954

Height Wind Wind
(feet) Direction () Speed (knots)

sfc 060 13
1500 050 13
3180 130 36
48oo 140 9
6260 iso 41
7950 150 43
9580 150 46
1100 150 44

12900 150 60
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With regard to the warm showers at the fringes of the storm,
Fig. 5.4 gives little evidence of shear in the shower columm-n. This is
in accord wihh the small shear indicated by the Nantucket ascent of
10 September, 2200 EST, in the low levels .. nd with the intense convec-
tive nature of the motions within the showers.

An interesting effect may be noted in Fig. 5.6, where the shear
appears most pronounced at close ranges. While this may in part reflect
real variations of the slope of shower colunms, similar observations at
different azimuths and times suggest that the variation of slope is
largely apparent and due to effects of radar beam width. By way of ex-
planation, we may note that at close ranges the beam is narrow and only
small cross sections of the target are averaged to produce the radar
picture. At 50 miles, however, the l vertical beam of the FP-6 is
nearly a mile wide. A large cross section then interoepts the beam and
the radar scop plcture' at any point reflects the averaging of great
portions of the echo. The 3.4" azimuthal beam width of the .PS6 ef-
fects even more important reduction of resolution at great ranges. A
sloping column at great range will thus appear more nearly vertical than
one near at hand and will show less detailed structure.

The conclusions above, with regard to wind shear, are in rea-
sonable agrement with Ja~wledge derived from other lines of.evidence.
Llso, It is evident that generating theory provides a potentially poVmr-
fu. too! for the study of detailed wind structure in rain areas. How-
ever, various aspects of the theory require rurther study, particularl
w tb regard to the exact mechanisms 'by which the trails are generated,
if it is to be used with confidence in the future. Further studies of
Utis kind can be facilitated by having pictures at various gains. The
r.a&ir RHIL scope should also be adjusted for short ranges so that inves-
tigation of nearby showers may be made under conditions of relatively
high resolution and minimum range-height distortion.

6. Notes on the Growth Mechanisms of Hurricane Rain

The heavy rainfall rates and very high melting level of Hurricane
Edua make the analysis of its rain of special interest. However, data
suitable for a comprehensive analysis of the rainfall in terms of the
growth mechanisms involved are not available; the following is, there-
fore, intended only as a brief introduction to what appears to be a fas-
cinating and important subject,

At Katahdin Hill, Lexington, Massachusetts, near the center of the
path of maximiLnn Edna rain, drop size samples were collected using the
filter paper technique. Some of the results are presented in Table 5.
The Thudson-Jardl gage listed in Table 5 operates on a float and expand-
Ing orifice principle and has been constructed according to British and
A.,erican de[igns. (For one discussion see Rossman, 1949.) The collec-
tor of this gage is six Feet square and the instrument has a time
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constsnt of about seven seconds. The tipping bucket instrument with
special 19" diameter circular collector is otherwise the standard Friez
gage.

Differences among the rainfall ate measurements listed in Table 5
may be attributed in part to large percentage errors in the exposure
time of the filter paper during high wind and heavy rain; the time lags
of the gages are also of importance during rapidly fluctuating rainfall
rates. In view of the other possible sources of error as discussed by
Middleton (1941), it is gratifying that the agreement is as good as in-
dicated in the table.

Figure. 6.1 preserts the ND vs. D curves for each of the nine distri-
butions, where ND is the number of drops per unit volume per 0.2 mm
range of diameter andD is the diameter. Drop size distribution parsm-
eters, with the exception of those derived from Sample #1, are plotted
in Fig. 6.2. In both Figs. 6.1 and 6.2 are plotted standard curves
based on Marshall and PI r's (hereafter M-P) relation (Marshall and
Palmer, 1948) ND = NO eAD, where NO is 0.08 cm.- for any intensity of
rainfall an& X- 41 R-0 -21, where R is in mm hr- 1 , X is in cm-I and Dis in cm. For further reference, Fig. 2 of M-P's paper is reproduced
here as Fig.'6.5.

Proceeding fipt to a diocussion of Sample #1, it is seen in Fig.
6.1 that there arenore small drops and fewer large drops than are given
by the.M-P curve f6r the same Precipitation intensity. When this sample
is portrayed on a plot of ND vs. D/D or the equivalent ND vs. 7 D*, all
points fall above this M-P curve. It has been found by Donaldson (1955')
that this is typical of drizzle samples. Quantitative data concerning
drop size distribution in Hawaiian rains have been presented by Blanchard
(1952). Comparison'between Sample #1 and five of Blanchard's samples
ranging in intensity from 0.061 to 0.12 Mm/kx (of these, four were taken
within a dissipating Crograplhic al6u4 and one well within an active oro-
graphic cloud) shows that D of the Edna sample is considerably larger
than all the others. This difference may be attributed in the main to
the larger depth of cloud present when Sale #1 was taken. The TQ-6
radar record for this time (Fig. 3.7) shows a solid echo to 5000 ft. and
some scattered return to 10,000 ft. The Hawaiian ulouds are limited by
a temperature inversion characteristic of the trade wind system and
which is at a modal elevation of 6,000 ft. The Edna drizzle and Blanch-
ard's cases are both evidently derived from coalescence processes taking
place entirely below the melting level; but the greater DO of Sample #1
is made possible by the great depth of cloud through which the accretion
process can operate, the rain intensities being approximately equal.

* Atlas (1953) has shown that DO = 3-75/) in a Marshall-Palmer distri-
bution.
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The ND vs. D curves corresponding to the other drop samples (Fig.
6.1) are generally quite similar in shape to the empirical curves of M-P
(Fig. 6.5). The relatively small differences between the M-P theoreti-
cal distribution and Edna samples vary from curve to curve, but in gen-
eral, may be summarized as followB. At diameters of 0.1 and 0.2 mm
there are more drops in the Edna samples; between 0.5 and 1.5 mm there
cre fewer in the Edna samples; above 2 =u there are more drops; above
3 mm there are sometimes more and sometimes less. It should be noted
that the 0.2 mm drops were counted by neither M-P nor Laws and Parsons
(1948) whose experimental curves are also given in Fig. 6.3. It may
also be noted that at diameters less than 1,5 mn both the Edna samples
and the observations of Fig. 6.3 contain fewer drops than given by the
distribution function- This deficit is striking in the Edna samples and
gives rise to a hump in the individual curves between 1 and 2 mm. This
also appears in some dozen other drop sanples uf rain heavier than
10 mm/hr, which were taken at random from the authors' files. It is
probable that the h inp is characteristic of other rains too, since such a
feature is suggested by the observationa! curves of Fig. 6.3 which are
based on the averages of many samples.

Turning now to the drop distribution parameters of Fig. 6.2, it may
be seen that. the Z-R relation is such that evalation of rainfall' inten-
sity from radar reflectivity, using the theoretical curve Z= 296 " 7

(derived from the analytical M-P distribution function) is in these
cases always accurate to well within a factor-of 2.* However, it is
also true that most of the sample Z's are less than those computed from
the K-P curve. As noted by Marshall and PA.1mser. the ,mml ripf'r f1- nf
drops about 1 mm in size sh d make the observed values of M = ZND
and to a lesser extent that of Z = 2ND6, smaller than those derived
from the equations. Some of the deficit may also arise from the inte-
gration to infinite drop size involved in determination of the Z-R rela-
tion from the distribution function. This procedure gives too much
weight to large drops which do not occur in nature, owing to their aero-
dynaaic instability. The conspicuous departure of theoretical Z's from
the Z's computed in the case of Samples #6 and #8 is undoubtedly most
closely tied to the deficit of largest drops in these samples (Fig. 6.1)
relative to the number to be expected in the theoretical distribution
for the samine rain int,.ra ty.

Conclusions regarding the variation of rain water content in space M
itbh rain intensity R, as shown in Fig. 6.2, are similar in part to those

with regard to Z. However, since larger drops fall faster and are more
.spread out in space, M tends to be larger at any gi.ven rainfall rate

* The empirical and mnore conmonly used curve, Z = 200 R1 .6 (Marshall
et al 195.) is also plotted on Fig. 6.2. The locus is nearly the
samie as that of the curve based or, the distrlbut~on function, at
least In the region of Interest-
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w .e, the drops coprising that rain are smaller. Thus, the samples
w ,:-c._ show relatively small Z, owing to scarcity of largest drops, evi-
eiice relatively large M, owing to the relative abundance of slow fall-

ing smaller drops.

rr ;e most striking feature of the Edna samples is the relatively

large D o of five of the eight nasees Also, there is little correlation

between Do and R for samples #4 to #8, rather, the Do values tend to

cluster between 2 and 2.6 mm. The relatively very large D o of Sample #2

may be a Lransient feature, due to sorting of various sizes by wind
fshear (Atlas and Plank, 1953). However, the clustering of Do values in

the other samples and. their 'relatively high values suggest the impor-

tance of other factors for the determination of this parameter.. We shall
offer an explanation for this behavior below.

The data, though sparse, vary systematically from standard curves
and therefore provide a reasonable subject for study. It is of addi-
tional interest to consider the special factors in this case which are
associated with the observations as a whole, for these mightbe the

cause of particular departures from the standard. During Edna, the.
melting level. was near 14,000 feet.. The M-P observations taken at Otta-
wa in summer. are assuredly associated on .the average with a lower.melt-

ing level. Laws and Parsons state that their observations were made
during 1938 and 1959 at Washington, D. C. While it is evident that, some
of their data were gathered in summer thunderstorms, there were presum-
ab.y some winter observations associated with a relatively low melting
level. We come thus to the conclusion that the Edna observations are
associated with a significantly higher melting level than was the case,
on the average, with the other observations cited here. This may be nim-
portant because in Edna's rains, the drops could more readily grow by
accy"etion of cloud and aggregation with each other to sizes limited by
tleir aerodynamic stability. The M-P and Laws and. Parsons data probably
bear a stronger imprint of growth in the ice phase and of the breakup of
wet snow aggregates into a relatively large number of small droplets
during melting. This may explain why their average Do's are less for
equal ra~ri intensities.

it may be argued further that in more usual widespread tropical

rains, DO should bc ever l. re for a given rain intensity than is sug-
gested by these samples; for with light surface winds the absence of in-
tense synall scale turbulence in the low levels would reduce the proba-
bilitv of drop breakup. Indeed, the turbulence found at the lower lev-
eLs. during niJi, winds may be responsible for the clustering of the Do'S,
as .oteo above. In thiL; regard it Is probably significant that the
largest drop recorded in Edna is only 4.3 mm in diameter; in other cases
Jropr; lit, to at least 6 mm nave been reported. Numerous observations in
topicai-t-pe rains are necessary if these arguments are to be firmly
sunpirte'u or Jienied.



It is of further interest that in all the Edna rain samples, large
numbers of very small drops are observed. In the heaviest rain, however,
substantial general updrafts must exist which would tend to hold the
smallest drops aloft. Therefore, we shall attempt to show in what fol-
lows that the numerous small drops most likely originate below that lev-
el at which the general updraft would prevent their fall.

In order to gain a quantitative notion of the factors at work here,
consider a rainfall which arises as the sum of contributions by conden-
sation at levels from the surface to 200 mb. A linear distribution of
divergence with pressure, zero at 600'mb, serves to fix the distribution
of vertical velocity and also determines the amount of the contribution
of each layer. The individual change of pressure at pressure P is given
by:

.... " + I] dp, (a)\dt/x /

P 5

where Ps is surface pressure and u and v are the winds in the x (east-
ward) and y (northward) directions respectively. The precipitation
rate is given by.,

PP

where g is the acceleration of gravity and q. is the saturation specific
humidity. The terms have been tabulated with the aid of the skew T-log P
diagram, and evaluated numerically under the assumption that the atmos-
phere is saturated and has a temperature at every level given by the
moist adiabat which intersects 1000 mb at 180C. Figure 6.4 portrays the
results for divergence at 1000 mb of -l0-4 sec -1 . It is only necessary
to multiply the indicated updrafts and precipitation contributions by a
factor x/6.8, where 6.8 mm hr-l is the precipitation corresponding to
values of Fig. 6.4 and x is the precipitation rate for which information
is desired.*

Rough computations of low level convergence, using the reported sur-
face winds, have indicated reasonable agreement (within a factor of
2 between that which actually occurred and that which is assumed
above to be necessary in order to provide the rainfall amounts ob-
served
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It is found that in rainfall of 25 mm/hour the updrafts at 3000 feet
are about 30 cm/sec, the same as the fall velocity of 0. mn drops.
While turbulence can bring drops which are created aloft to the greoind,
we would not expect large numbers of small drops in every sample if this
were the only factor operating. Therefore, we are led to believe that
in this general heavy rain the smallest drops are continuously created
in the lowest levels (and indeed at every level) Just as drizzle is cre-
ated in low lying clouds, and partly as a product of drop breakup near
the ground. Of course, in between the intense rdin bands the small
drops may fall through weak ttpdrafts. This appears to have been the
case in Smple #1 of Table 5.

It sho'uldibe noted that the above arguments do not explain the ori-
gin of the distributions observed* They do demonstrate the likely im-
portance of several processes long cited as part and parcel of lighter
rains, and the probable role of tcertain processes in producing distribu-
tions slightly different from those previously observe. F or n we
must regard the basic shape of the drop size distribution as due to fac-
tors which are quantitatively unknown; the reasonably good fit given by
the application of the M-:P relation to torrential rains is a fort'nate
coincidence.

The radar observations themselves also provide a key to the rainfall
mechanisms, Figure 6.5 illustrates two rather different RI .presenta-,
tions with corresponding PPI pictures. These RHI's were taken with much
reduced gain** so as to show details near and below the melting level.

The precipitation rates represented by these photographs are un-
-known. However, it appears that at 1009, snow from aloft, melting as it
passes below 14,000 feet, gives a sudden rise of reflectivity at that
level. Just below the melting level appreciable growth of raindrops
must occur, for there is not the usual sharp decrease of reflectivity
characteristic of a conventional bright band.*** It can be seen also
that the echo intensity continues to increase downward to the ground;
this must be due almost entirely to accretion of cloud drops by rain and
collision of raindrops with each other. The persistence of such a fea-
ture indicates that this region of growth must be one in which the cloud
water coxiLluuee Lo be resupplied by fairly intense updrafts.

* For a recent interesting approach to this problem see Hitschfeld

(1955).

SThe gain of the radar at the time these pictures were taken was re-
duced, but not precisely calibrated. Thus, the two pictures may
have been taken with somewhat different receiver gain.

*** This explanation for the absence of a conventional bright band has

been proposed by Atlas (19155b),



At 1054, on .the other hand, the conventional bright band a7upears
quite strongly at the same ranges at which it is absent in the 1009 pic-
ture. (Thus the absence of a bright band in the previous picture can be
due only in small part to beam iridth averaging.) Below the bright band
the echo brightness is about constant with height. In this case, there
is good evidence of little or no growth of the raindrops below the Melt-
ing level. This, in turn, indicates the absence of significant cloudi-
ness and updraft. In both cases, of course, the particles originate as
snow well above the melting level. It appears, therefore, that those
bands evidencing continued growth through and below the melting level
correspond to bands of convergence and updraft; other precipitation
areas,, viz, those displaying the conventional bright band structure and
no low level growth, correspond to intervening regions of little or no
low level "dr aft. The former type of band is generally the intense,

well defined one on the PF1 scope and is commonly associated with the
heavier rain intensities; while the latter tye :is weaker., ,more.difi use,
.. d usually corresponds,.to the lighter rainfalls. This correspondence

between PI1 andMI 'characteristics is actually demonbtrated better by
Figs. 4.5 and 4.6 than by Fig. 6.5.

While we have associated the bands shw'Ing strong low level growth
with the heavier rainfall rates, there is soe question regarding the
true physical character of the most intense rainfall. We are not cer-
tain, for example, that the heaviest rainfall evidenced any discontinu-
ity of radar reflectivity at the melting level, since the heaviest rains
occurred to the northwest of South Truro, while the RHI observations
were made primarily to Lhe -ut.west. ndeedit i, dficult o+ -% r-
ceive how general .rains of the order of 50 mm/hr in intensity. could dam-
onstrate such a feature. Previous computations inicate that a steady
rainfall of 25 mm/hr at the ground would require an updraft velocity of
approximately 80 'cm/sec at 14,000 ft, the approximate height of the
melting level. Thus, greater rainfall rates would be associated with
updraft velocities which would prevent the fall of ordinary snowflkes
into the melting zone. One would assume than that the particles would
form graupel or hail, which could fall through such intense updrafts.
In the case of graupel, however, the small and gradual. increase in echo
intensity upon melting to rain does not appear to be adequate to explain
the rise observed (qualitatively) at the melting level in the pictures
studied here.* On the other hand, fast falling wet hail would display
practically no discontinuity in reflectivity at the melting level. If
such hail were present, we would expect to see vertical echo colunns ex-
tending through the melting zone in the inanme' of ordinary thunderstorms
In only a few cases (e.g. Fig. 4.6, 1038 EST) can such an echo structure
be discerned, and then not with certainty. Therefore, although it is
felt that the most intense rainfall probably originates as graupel or

* The change in reflectivity associated with the transition from grau-

pel to raln has been treated by Atlas (1955a),
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hail, this cannot be supported by the present observations,

The effects of strong updraft., which are of common occurrence in
active thunderstorms (where the bright band does not appear), are evi-
dent in the photograph of Edna's eye (see Fig. 8.5). At 4o azimuth,
the melting level is readily distinguished as the flat top of the echo
mass between 8 and 18 miles range.. At 20 to 40 miles, however, the
bright band is faint or abaent, since solid particles present in the
very intense updraft of the wall cloud have very high reflectivities and
remain water coated as they are carried aloft. In the 50* picture, the
disappearance of the bright band as the core of the wall cloud is ap-
proached is apparent. (ther pictures of the wall cloud, however, show
ftint e4!dence of a discontinuity, in otherwise bright echo.) With the

* high vertical velocities implied by sustained rainfall rateB of 2 and 3
inches per hour, a significant amount of snow must be literally tossed
out of the cloud tops and dispersed in the diver'gent wind field neces-
sarily present'aloft. This too is indicated in the eye pictures by the
echo layer aloft similar to the anvil cloud of a thunderstorm, whieh is,

connected to the wall cloud. in a small columm and spread out in &'fan-
like ifashion above the eye; it is also :suggested bythe apparent ,greater
width of the rain bands. farther: fron'the radar site (Section 4).

In summary, we note the followingd. Drop distributions collected
luring Huricane Edna roughily approximate the distributions:given by the
function of Marshall and Palmer. Departures from this standard are as-
so(iatueud wILh a hump in the curves between the approximate limits of 0.5
and. I5 m= diameter' The smallest drops are more plentiful than normal;
drops between 0.5 and 1.5 mm are less plentiful than expected and drops
greater than 2 mm are generally in excess. Departures from the standard
such as these are not believed to be uncomion; but they largely disap-
pear in the averaging of many observations because the hump is not the
same in location or intensity for different individual curves. The hmr
appears to be a noteworthy feature of the individual observations, which
requires explanation

Departures fram standard of the Edna samples are manifested collec-
tively at an un. usual sabindance of drops larger than 2 mm and, as a con-
sequence, rather large median drop sizes, This is attributed to the
relative importance of accretion and aggregation in the Edna rain. The
agreement between the Edna and M-P drop size distributions is suffi-
ciently good to per~it the use of the M-P reflectivity-rainfall rela-
tionship Z = 2 O00R* to estimate hurricane rain intensities from radar
measurements within a factor of 2.

Th,' rainfall at variouvr times and places In Hurricane Edna seems to
have been generated by practically every known precipitation mechanism.
Based on the Inforration of this and preceding sectinns, these may be
sAmarized as followF-



(1) Well in advance of the eye (at abdut 450 miles) precipitation
is initiated entirely in the form of water in discrete convective cells
oriented in bands (see Section 3). These cells grow and penetrate the
OC level at 14,000 ft and then develop into cumulonimbus at about the
time that they penetrate the base of an overlying ice crystal deck at
20,000 ft. Whether these cells would develop into cumulonimbus on their
own is not known; however, it seems reasonable that the cambination of
high water content in convective cells and the presence of plentiful ice
erystals in the upper deck would cause a rapid release of heat as the
crystals grow at the expense of the water. This would provide a sudden
acceleration to the cloud top and permit its growth to cumulonimbus pro-
portions,. Subsequently, the cells merge and are transformed into a more
Aiffuse and continuous-band with remnants of convective activity at the
eastern extremity.

(.) From roughly 250 to 450 miles in advance of the eye, the pre-
cipitAtion appegrs to break out as diffuse bands initiated from the snow
aloft,' as well as in the form of 1bands of discrete warm showers. Occa-
sionally; this occurs simultaneously, resulting in the superposition of
convective-and diffuse bams on the PPI scope.

() Within roughly 250 miles of the eye the precipitation becoes
genetaJly continuous and inteme, with only ,sna.l breaks beuween band
of hi;viest intensity. The lighter precipitation in this region appears
to form from the snow aloft, demonstrating a more or less conventional
bright band pattern on the RHI. The presence of the bright band sug-
gests that these regions are in between the bands of intense low level
convergence where the snow can fall, melt, 'and accelerate without sig-
nificant low level growth. The heavier precipitation, however, corre-
sponds to regions in which the echo intensity increases suddenly at the
melting level (in a downward direction) and continues to increase down-
ward in the low levels. This suggests that these heavy rain bands are
areas in which low level convergenne and vertical motion are causing the
development of dense cloud which permits the rapid growth of the rain
and the melting snow by accretion. There is doubt, however, about the
nature of the very heaviest precipitation, since the required vertical
velocities indicate the need for a graupel or hail process which is not
ulearly evidenced by the radar records.

7. Edna's Path: An Analysis of the Position Reports

During Edna's approach to land, its eye was tracked by reference to
the standard synoptic maps based on weather reports from land stations
aiLd frm ships, by reference to ground based radar PPI presentations
and by a reconnaissance aircraft from Bermuda. The reconnaissance air-
craft was guided into the eye on the basis of information given by the
airborne radar and the aircraft pressure and radar altimeters, as well
as by visual data on the curvature of rain and cloud bands and the dis-
tribution of precipitation° The geographical position of the aircraft

6i
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and eye then was determined by Loran, other standard navigation tech-
niques, or by reports of ground radar when the aircraft was within range.

For obvious reasons, it is appropriate to investigate eye locations
as reported and charted during Edna by observers aboard the plane and on
land. This will enable at least a partial determination of the relative
effectiveness and accuracy of various methods, and may suggest the means
whereby more accurate tracking may be realized in the future.

The earliest eye position to be considered in detail here is that
.. given by Navy aircraft 4U93 at 0330 EST, 11 September 1954. This report,

the last to be sent by this aircraft prior to its departure from -the
storm for Jacksonville,, places the eye by airborne .radar at 36059"N X
73024'W, with an estimated uncertainty of 5 miles. The proximity of the
aircraft to the coastline at this time indicates that relatively high
confidence may be placed in the position report, navigation being a
somewhat more certain procedure with land based aids. This position
checks within a couple of miles of that interpolated for the same time
from locations recorded with the aid of ground based radar at Cape
Charles, Virginia. Because of this agreement, this point is used as
i"anchor" for the remainder of the track northeastward and over Cape Cod.

Aircraft 3459 (WB 29) left Bermuda early on the morning of 11Sep-
tember and proceeded northwestward to Seal Intersection at 39*50'N and
69*40'W. It arrived there at 1230Z, circled briefly before obtaining
:! o~ ....a.ce, ad then departed vP.tward for the storm center. The

Iane maneuvered into the. storm area while simultaneous observations
were being, made at land based radar stations. The. radar reports also
serve as a check on the aircraft positions, as determined by Loran or
other navigational procedures.

In Table 6, below, is a list of eye positions determined by the
meaxse indicated. The positionn given by ground radar are aircraft loca-
tions at; times when reports from the aircraft stated that it was in the
eye . These have been determined from the radar pictures, as well as
from the original logs kept by personnel of the Lincoln Laboratory and
the Air Defense Command Radar Station at Montauk Point.

Two possible hurricane paths, based on the positions listed in
Table 6, are illustrated in Fig. 7.1. A third path label.ed "South Truro
and Montauk Radars" is based on eye positions determined by Atlas at
South Truro and by AD personnel at Montauk Point solely from the radar
patterns shown on the FP1 scopes as the storm approached. These posi-

ix-rare gnal to , 1-he north of the others. Trn.nk P positions U to

#9 are based on examination of the aircraft tracks logged by Project
Linco1r and Montauk Point personnel, as well as from inspection of radar
photographs which show the sircraft. The tracks recorded by the Montauk
and Lincoln 8ites differ sorewhat and for various possible reasons.
First, the usual tolerance in azimuth for a radar is about, 1, and. the
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Table 6, List of eye positions of Edna and the means by which they were

determined.

TRACK 1 TRACK 2

Transmitted
Time Aircraft How Other Aircraft How

No. (Z) Position Determined Position Determined

1 140 39*12'x 72*13 ' Loran

2 1430 39*20'x 71"41' Loran 3911'x 7134' Montauk radar

3 1500 390 32'x 71638' Loran

4 1530 39 039'x 7118' Loran 39046'x 71"18' Montauk radar

5 1600

6 1630 40O00'x 7055'. Loran 400 i8 'x 70 59' Mvitauk and

Lincoln

7 1700 4 0*40'X 7040' Lran ,4034 x 70033' Montauk radar

8 1730 40048 'x 70633' Montauk radar 4050'x 70*291 Montauk and
Lincoln

9 1800 41015'x 70030' Montauk radar 4110'x 7023' Montauk and
Lincoln

10 1830 Martha's Vine- Visually from
yard aircraft

ii 1830- Martha's Vine- Ground
1900 yard observation

12 1930 Chatham W.E. Fishback
690 59'x 410435

1]3 19 4h S. Truro Ground
observation

14 2010 420 6 'x 69045, S. Truro radar
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range error is usually less than a mile at any range. A reading 1* in-
correct in azimuth corresponds to a 2 mile error at a range of 100 miles
and proportionally more or less at greater or smaller ranges. An ele-
mentary statistical treatment shows that the probable difference in
reading of two radars is then about 3 miles if a target is 100 miles
from both of them. Secondly, there may be an important contribution to
error by nonsynchronous clocks. A one minute difference between clocks
at the two stations results in a 4 mile difference of readings for a
target which moves at a constant heading at a 4 mile per minute rate.
This source of error is not of overwhelming importance in hurricane re-
connaissance when the aircraft is in radio contact -ith a single radar
station. The aircraft position and that of the hurricane eye may be de,-
termined by radar when notice is received that the aircraft is in the
eye; the error of time in this case leads at worst to a small mistake in
a velocity computation when the fix is referred later to others which
are correct in time. For the purposes of this paper, however, the error
is of' possible iportance because the path of the storm is being recon-
structed from the records kept of a fast moving airplane which flew a
complicated course and was in the hurricane eye at only certain reported

ji, •times.

Another important source of error may be misreading or uncertainty
on the part of the ground radar observers. Such errors tend to magnify
the average differences between reports from two stations.

In view of all these considerations, it may oe considered good per-
formance that Lincoln and Montauk radars indicate agreement within eight
miles whenever reports synchronous in time are available. Unfortunately,
there are only four such pairs of observations, as shown in Table 7.

Table 7. Comparison of Lincoln and Montauk recordings of aircraft posi-
tions when the reports are at the same time (taken fram copies
of the original logs).

Reported Lincoln Montauk Distance from Montauk
time (Z) Position Position to Lincoln Position

1704 EL 2129* EL 2831 7 miles WSW

18ho EM 3921 EM 3218 7 1/2 miles ENE

1853 EM 2526 EM 2327 2 miles BE

1923 EM 5635 EM 5230 5 1/2 miles NE

* Georef coordinates
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In spite of these differences up to 7 1/2 miles, it is believed that
the eye positions given in Track 2 of Pig. 7.1 are correct within four
miles, plus whatever error may be ascribed to the aircraft personnel as
they identified their location in the eye center at. the giver. times.
The reason for this is that examination of the tracks reveals all the
locations where the plane orbited in the eye, and there are enough sepa-
rate fixes within these small areas to make an umcertainty of four miles
appear reasonable. 1urthermore, Lincoln and Montauk photographs, which
indicate the aircraft positions, have been available to the authors and
these have been carefully checked. They have to some extent filled in
gaps in the logs and have provided a cross check, on many of the points
recorded there.

These considerations lead to the conclusion that the prominent dif-
ferences between the combined ground radar track and the Loran track are
due primarily to Loran errors. The differences do not depend on the
aircraft observer's ability to place himself in the eye accurately,
since both tracksare based on positions when he believed the aircraft
to be in the eye. Pbsitions.l, 3 and. 6 of the Loran track appear espe-
cially ureasonable) although posi tion .6 is the only one of the. group
for which a delfinite radar fix is available The differences between
Loran and. radar fixes of the aircraft up to 18 miles ate of great inter-
est because .of the generally accepted high accuracy of both of these
procedures.

The diameter of Edna's eye wa r"purt . by ai.rcraf-, to Ub 15 miles
at poeitlon 1. Furthermore, the eye had been doubled for a time (see
Section 9) and the Isobars were irregularly shaped when the eye was over
Cape Cod. In view of this, it is remarkable that smootn curves enclos-
ing all the variations of the various tracks (except position I of the
Loran track) have a maximum sefparatlon of only 14 miles. It may be con-
cluded that s-uch oscillations of the point of lowest pressure, if they
exiL aL all, are snaller than the d.men'stons of the eye itself. Of
course, we should be surprised if' the point of lowest pressure, or any
other singular point, doesn't bob and weave a bit when it is part and
parcel of such a complicated mechanism

North of position 8, Captain Taylor, the weather officer, fixed the
aircraft position and that of the eye by visual contact with surface
features. Many of the eye positions reported by aircraft at these later
times are incorrect by tens of miles. The extensive area of light and
moderate winds was very great at this time and made location of a pre-
cise calm center difficult, especially because outlying islands in the
Cape Cod area and the Cape itself lend. protection to tbe adjoining
waters. Further, the marked eccr-,ntriclty of the pressure field near the
eyr and the relatively slack gradient on its western side (see Section 9)
made It easy to mistake a trough for the truje min in m n the pressure
field. Fatigue of perscnn:l aboard thre plane was., no doubt., also of im-
portance.. Howe(,er, the most important factor leading to misplacement of
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the eye after 1800Z was a relatively rapid change of the cloud and pre-
cipitation structure which started at about this time. As the eye
passed over the Cape, a line of heavy cloud extended southward on the
western side of its center. Seen from its western side It looked like
the wall cloud, and due to its very heavy appearance, Captain Taylor
notes that there was no wish to attempt a penetration, This is shown
best in Fig. 7.2a, where the cloud line is visible as a brilliant band
just east of northern Cape Cod. When the eye was reported from the air-
craft as a "gigantic eye over Provincetown," its center was actually to
the east of the cloud line shown in the picture. in Fig. 7.2, the eye
is at 40', 15 miles range. Further confusion was caused at this time by
the rain bands' termination along a nearly east west line. The ends of
the rain bands were believed to be wall cloud on the north side of the
eye. These errors might not have been made had the plane's radar been
operative at this time, although the low pow.ered 3 cm APQ-13 aboard the
aircraft wouid be subject to severe attenuation and pattern distortion.
The reader may at this point w.sh to review all of the recco reports as
received from the aircraft. These and corrections to them made with the
assistance of Captain Taylor, appear in the Appendix.

We come now to consider the eye positions determined by Atlas at the
South Truro site,* 'Actually, it was not the eye that was tracked but
the southern side of the most southerly band, This band, as seen on the
radar scope and wh1ch often resembled the silhouette of a soaring bird
at a distance (e.g. see Fig. 8,2), was evidently as much a-, 2,0 njils..
north of t.h- , point of lowest pressure at tires. Atlas himself believed
the point he was tracking to be 5 or 10 miles northeast of the supposed
true eye. Prom Martha's Vineyard on, he attempted to fix on a feature
which he believed to be the north rim of the eye. At great ranges the
radar sees the upper reaches of the band. The eye of the hurricane was
reported by the aircraft to slope northeast and this is confirmed by ra-
dar photographs (Fig. 7,2). A slope of the wall cloud in this sense
would increasc the difference between the band location as seen on radar
and the position of the surface eye when the eye is southwest of the ra-
dar obeerver, (At a range of 100 miles, the base of a horizontally di-
rr,ri-,t bean is at an elevation of 5,000 feet above ground level; the up-
per half power point of a A* bewm ia 19,000 feet above the ground at
tniv rang(.-.) figure 7.2 shows that the wall cloud northeast of the eye
Elop, - about 1, miles toward the northeast between the surface and
30,000 feet- Such a slope may result in 5 to 10 mile errors in deter-
mining range to the eye from a gr"at distance,.

Further difficulties were experienced aF the eye and its attendant

• The firit five positions of Track 3 were made by the Montauk ADC sta-
tion. It appears likely that both Atlas and the Montauk observer
track-.d thc c.ne feature, as Judged by the continuity of the path.
Unfortunately, th-r we-rr no radar- fl xe of the hurricane eyf; from
Montauk after I44OZ



heavy rains cane near because of the way the radar was used. The gain
of the radar receiver was reduced so that details of the eye structure
would not, be obscured in glare associated with general scope saturation.
Because Sensitivity TLme Control (STC) was riot used, this operation re-
sulted in the disappearance of outer rain bands and a loss of informa-
tion of value in determining the general storm layout. At the same
time, decreased range to the eye resulted in increased echo intensity
which caused an apparent change in the eye's appearance. Some ground
clutter at close ranges was also confusing. Use of Moving-Target Indi-
cator (MTI) cancelled ground return, but led also to poorer resolution
of detailed features of the precipitation.

Further, after the eye crossed the passage between Nantucket and
Martha's Vineyard, the first rain band west of the eye became so intense
and extended so far to the south (Fig. 7.2) that Atlas confused this
feature with the apex of the actual wall cloud which he had previously
been tracking.. Since he believed the apex to be northeast of the actual
eye, his reported positions were then some 10-20 miles to the WSW of the
actual eye. This error explains the sudden decrease in speed of the
storm as reported by Atlas. It is a striking coincidence that the same
feature of the storm observed visually from the aircraft caused Captain
Taylor to make an almost identioal mistake, Somewhat better radar posi-
tions might have been obtained when the eye was-within about 50 miles of

the radar site if more extensive use had been made of the BHT radar
(FPS-4 or FPS-6) to check the locations indicated on the PPI scope (see
Section 8 for a description of the recommended technique). Radar posi-
tion 1 w .. dete..d n th. post analys- from the 3 cm ikI records
taken at South Truro, as well as synoptic reports. Incidentally., it
should be noted that the differences of eye positions noted here are
comparable to those observed by Bunting et al (1951) in their study
which utilizes aircraft and PPI radar reports.

The above considerations notwithstanding, it may be concluded that
the location of the eye by radar was accurate within limits comparable
to the dimensions of the eye itself., This appears adequate for most
storm advrisory work. improved estimates might have been obtained if al-
lowance had. been made for a typical eye radius within which there is no
radar echo., unfortunately, this depends somewhat on the radar, Although
it is highly desirable to fix the eye absolutely, it is more important
to obtain an accurate measure of its speed and direction. This can be
done by the consistent tracking of an outstanding feature of the wall
echo band as described in Section 8.

It should also be borne in mind that the data of this section does
not, lead to unaltrable conclusions concerning the best tracking methods,
since no one of the reconstructed paths i.s considered entirely correct.
Even the post analysis suffers .because of radar errors, nonsynchronous
clocks, incomplete and insufficient syroptic data and because the air-
craft may not have been in the center of the eye when it was thought to
be by those aboard..,
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8. Identification of the Hurricane Eye as Displayed on the Radar Scope

The eye of a hurricane as displayed on the radar scope is perhaps
the most important single feature to recognize and follow. Since the
hurricane is a constantly changing entity, there is probably no one as-
pect of the radar presentation which will invariably serve to mark the
eye. However, a combination. of one or more characteristics of the pre-
cipitation pattern will generally permit the observer to pinpoint the
eye with a relatively high degree of accuracy. Some of these features
and other helpful guides will be summarized in this section. Although
most of the material presented here pertains specifically to 'Edna,"
the proposed identification criteria should apply well to other hurri-
canes in temperate latitudes, The features of low latitude storms are
based primarily on photographic records taken by one of the authors
(Atlas) during the Florida hurricane of 15-16 September 1945. For a de-
tailed study of the latter storm, see H. Wexler (1949).

The eye of a hurricane appears on the radar PPI scope approximately
at the center of spiralling of the bands. Sometimes it is at the center
of curvature of the bands, especially of those near the eye, .but more
often it is "offcenter" as a consequence of the tendency for the &own-
wind ends of the bands to lie closer to the eye and to spiral in toward
it continuously.

The centers of curvature of the bands of Edna are only rough" guides
to the eye positions, as is shown by Fig. 8.1 below. The individual po-
sitions given in the figure are base'" on the rdi_....f.. . .
most prominent bands near South Truro, or the average of several such
radii when no one band appears butstanding. Generally the inner bands
give a somewhat better indication of the eye position than the outer
ones, although it is clear from the photographs that the radius of cur-
vature of bands in any one region relative to the eye is itself subject
to change. This is illustrated by Figs. 8.3 and 8.-.

In the subtropics, the eye is often completely surrounded by precip-
itation,. Figure 8.2 illustrating the eye positions of the 1945 hurri-
cane, shows rain bands completely encircling the eye. As this hurricane
moves northward over the Florida peninsula, it is seen that the radii of
curvature of the inner bands increase and this tendency has been corre-
lated with the weakening of the hurricane circulation.

In temperate latitudes, precipitation is mainly confined to the
northern semicircle of the storm (Dunn, 1951); this is -the case with
Edna. in these circumstances, the eye is -to be found south of the band
of smallest radius of curvature, the cusps of which point generally
south; usually this is also the southernmost band.

The eye positions of Edna are indicated by arrows in Figs. 8.3 and
8,h, some of which also point to the reconnaissance aircraft. These eye
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positions have been determined by cross checking of aircraft, radar and
synoptic rt~ports. Discussiomis with Captain Wallace Taylor, observer on
the WB 29, nave proved of great value in these determinations which are
discussed at greater lenigth in Section 7. Another method of eye Identi-
fication is based on the fact that discrete radar weather elements near
the eye move around it in the sme sense as the surface winds. Thus the
center of spiralling of the bands as observed at a single instant is, as
far as can be determined from time-lapse pictures, identical with the
center of rotation of small precipitation echoes. In practice, it may
prove rather difficult to locate the eye on the basis of this inform-
tion because of the 'short lifetimes of the discrete -echo elements near
it. In :mst cases, these elements do not persist long enough to allow
reliable velocity deter inations.* In addition, precipitation near the
eye is not especially ellulAr. Such cells' as do exist are small and it
is difficult to find discrete elements to track. It is necessary that a

R narrow beamed radar such as the MIS-3 be used for determining the eye
location by this means. Otherwise, the small elements Aear the eye are
not resolved. and the larger forms of which they are parts are -seen to
move with the storm as a whole, rather than with the horizontal winds.

The comment above may be amplified further with regard to proper
tracking of the eye. It may be more convenient to pick out :a fairly
stable appearing feature (such as the apex of the ',spread eagle" noted
in Fig. 8.3) which is near the eye and follow its motion. This, in
fact, was the method used by Atlas in tracking Edna from the South Truro
site. This method is advantageous in that a definite feature iz fol-
loved, rather than a large hole in the echo mass. However, it should be
remembered that the positions of a feature such as the spread-eagle may
be as much as 20 miles distant from the eye, although it moves with the
eye's velocity. Of course, in a mature storm such as Edna, with an eye
area of light or moderate winds perhaps 30 miles in diameter, it is at
least as important for forecast purposes to assess accurately the veloc-
ity of the storm as a whole as to determine the exact eye position at
every mument.

In tracking, one must take care not to become transfixed while a
particular feature slowly trransforms. The eye area i subject to impor-
tant changes of appearance over periods of an hour or so, and constant
reference must be had to the total picture in order to avoid improper
tracking. Changes of eye structure in Edna were, in fact, partly re-
sponsible for errors by Atlas and by the crew of the WB 29. (See Sec-
tion 7.)

* Our qualitative finding is That discrete cells and masses are most
persistent in the outskirts of the storm and of very short duration
(a few minutes) near the eye. Mclnty.-e (1955) reports on echo life-
times in Hurricanes Carol and Edna, 1954, and finds similarly that
the most pers~stent cells are farthest from the eye.,
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Another method of eye t.demateifI cation is &uggested by tae post analy-
sis, FiguresF 8.5 and 8.6 illuatrate RHI photos taken at 10 increments
of aziN.1th when the eye vas within 20 miles of the radar. (The picture
at 40 is shown sain rth its associated PIS photo in Fig. 7.2.) The
eye is associated with the "V" in the radar echo in the pictures at 40*,
5ol, 6c)" and 7o. It is apparent that the most intense convection oc-
cu-rred at the tIxe of these pictures to the north-northeast of the eye,
while in its immediate vicinity general precipitation occurs from west
through north. The area south of an east-west line through the eye is
practically devoid of rain. Thus, when the eye is suspected to be with-
in about 50 miles, I sp&rch in the area of Its presued location may
reveal a structure similar to that revealed here. The relatively great
vertleal extse.t of the wall cloud or side of the eye in the direction of
its movement and the trailing cirrostratus canopy overhead mayr be fre-
que'nt feltures of ,ri canes in temperate lat±itudes .*

Of course, if radio contact betveen a. reconnaissance aircraft and
the radar site is establlshed, :one of the most effective me nsof trc3-
Ing the eye is to fix the location of the aircraft when its crew de-
clares that it is In the eye, $'uch a fix shoul~d, in. most casesa, be cor-
rect within the limits of radar accuracy, uisdally better than one, mile.
By cross checking the interpretations of rsar. observer and a6rcraft
crw, errors on the part of botb can be minimized, although one may
question whether this technique Vould have rendered an Improvement in
the "kracking of Bdna** in the immediate vicinity of Cape Cod..

l5e now turn to consi~ieration of tracking procedures which can be
used when the ey'e region is so far distant that it does not apear on
Pb~' 1I a~ope, These mgy be especially important when tracking a storm
f S.c at, e. 1.rom rSa or Island sites; In these cases, the usual syn-
o0'1i . .eatL'er .rpo.-b. maty not give suifficient indication of a, sto:r's
p'th. The pictures presented in this seelon and. elsewhere in this re-
port denonstrate that the band direction at South Truro is, in its most
genirral enms1e, uncbanging w- th time as the eye approaches. A series of
'p1,7o',ographs ftaken at Pope Air Force Base (Fig. 87) demonstrates the
changi.ng ban.d. 0irection near the station as Edna moveO northward along a
,3%th. fair to the east of the' station. (This flgure alsu illue.trates
agin the con-etive nature of the outermost bands.) Thu.s, in analogy

wI:, sxiila~ ~~teent rga~di~L~,~u Lae w -l ection, thc followiag
simple rules apply:

(i) If the ..Large scale •banl directi.on through the station is

* Potter ,),2) preocnts, . time cross section of a hurricane passage at
.il..fax. b~a .-ed 0 1,,, A,,.-c w+ton., w1i.ch i? ,..-te sinliar to the

pbotograph o- 1 itw ..P, S .'t, on venn i

** A.. des: c-Ie. - I" E8 ..- ~onr -', , a f.i,: 8ani - a,..' ,.zb. -' i"--'- v.r"re. , .sled in
tr ..:t: ri . i rio. by -, i ' , - .. : . the orn'_



unchanging with time, the hurricane is approaching directly.

(2) If the large scale band direction through the station rotates
in a clockwise sense with time, a northward moving hurricane is passing
west of the station.

(3) If the bands rotate in an anticlockwise sense with time, the
hurricane is passing east of the station.

With regard to application of the above, Fig. 8.8 illustrates the
development of a rather confusing situation. At 0800 the band direction
through South Truro would probably be placed -at 260*-80" by mobt observ-
ers. However, an area oriented along 300_1l06 intensifies and moves
over the station: At 0845, someobserversmight give the direction o.

this bright region as the "large scale band direction." The dilemma -can
be resolved somewhat by noting that this sequence. is.of a rapidlyidevel-
oping nature. Later pictures, ,as,.suggested by.that at 09011, show that
it gradually loses its identityi. The intense oddly shaped echoes PE of

the station at 0901 are shown by RHI to be strongly, convective_ in natue,
while most. of the precipitation ;south and .west .of the station shows the
bright, band. These convective echoes gradually attain more 8table char-
acteristics and take on the general appearance of the rest of the pat-
tern.

It is probably improper to relate the above comments to hurricanes
in general, but they give notice to beware the drawing u.f sweeping n-
ferences from. rapid developments. Care should be taken,, especially when
the eye is at great ranges, to follow the broad evolution of the PPI
pattern rather than be influenced by small scale or transient develop-
ments. Reference to synoptic reports should result in increased value
of both radar and synoptic observations.. It should also be remembered
that neither radar nor synoptic analysis is infallible '(the latter espe-
cially over oceans where data is sparse and often inaccurate) and that
the principles suggested here are very probably not valid in all cases.

Figure 8.9 shows a complicated and confusing situation. The various
orjentatiun6 of the banded structure to the south may well lead to dif-
ferent interpretations as to the eye positions. The surest aid here is
again an acquaintance with earlier radar and synoptic developments. In-
cidentally., this "crossed bands" structure is even more prominent in the
limited radar records of Hurricane Carol, 1954. The authors have not
observed such in pictures of low latitude hurricanes, buL this is not to
suggest a definite geographic restriction to its occurrence.

tn identification of the eye, phenomena of which the radar observer
should be especially aware are "false radar eyeEs." One such case is
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1435 EST.

EYE AT 118*

278 STATUTE MILES

1540 EST.

EYE AT 114

273 STATUTE MILES

1645 EST.

EYE AT III*

268 STATUTE MILES

Fig. 8.7. 'hes, rdi,,. of,, if lurricane Edna 10 Sept. 1954, are from the CPS-9 (3 cm) inutahlation
at Pope AFB, North ('ari,li,. Nortd. ti , rd th- top of each picture and the range of each is 200 statute miles.
Note the cellular r itU,, t-uc .. , , ans nd their slight counter-clockwise rotation during the period between
top and bottom picturo, . , " .:o the northward progress of the whole spiralling system.
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6.hown in Fig. 8.l0.* Simpson (1955) has suggested that these form in
connection with relative~ly small scale motions In association with in-
avidual rain bands. When the observer is familiar with the evolution

of' the PPI pattern1' errors of eye location due to improper identifica-
tion of a "false eye'; may be avoided, since these are transient features
lasting perhaps fifteen minutes to an hour.. Further aid to proper iden-
tification may be sought in the large scale spirall~ing pattern of the
band which is not about the false eye, except perhaps in its i~ediate
vicinity, and-'in the motions of' individual elements which likewise tend
to be around the true eye.

9. Miscellaneous Synoptic Aspects of' Hurricane Edna

Six hourly surface clharts and twelve hourly 500 mb charts of Hurri-
cane Edna are illustrated in Figs. 9.1 and 9.2. It-mayr be seen that
Edna was affected 'by a trough in the westerlies and tha.t its motion was
in good agreement 'with the large scale flow at 500 tab. The =~tion of
Ed=a has been'studied in detail by IMalkdn and Holzworth (1954) who found
excellent agreezent between its movement and space, averages of:.the pres-
sure weighted mean wind between 1000. and.200 .mb.,

For comparison,, Fig 9. 3 zhowvs the 500 nib patterni just. prior to 'the
northward acceleration of I Al'"I1 and ."Hazel, " 1954.. Carol entered New
England after crossing Long Island;U 9azel went inland near Mytle beach,,
.South Carolina. The bagic similarity of the various cases is obvious.

The regular expansion of the surface circulation of Edna is evident.
in Fig. 9. 1. this, type of' change has beeni -noted by Itiny athors as
characteristic of the transition from youth to maturity. The distribu-
tion of preeipitation relative to the eye of' Edna is shown by Fig. 9.4.
The heaviest rain is Feen -to 'be in. the northwest quadrant of' the storm. '
This distribution is also indicated by Fig. 9. 5b which shows the total
amountz associated with the storm and the relationship of this pattern
to the path. Figure 9.5a shows the total precipitation and path of
Carol. The hourly precipitation data shows that little or no rain fell
after the eye of Carol passed north of any given New England point and
that the maximz intensity- of rainfall was nearest the eye. Thus Carol,
like Edna, had rain mainly confined to the forw-ard semicircle, but un-
like the latter, had rain distributed mo~re or less evenly in NE and NW
quadrants.,

It Is likely that the rainfall distribution In these northward

*Thi s picture Is one of many taken with "Moving Target Indication.
MTi effects a dl.sappearance from. the radar scope of' fixed targets,
such ak; lillls and 'bildings, and a veakening of other echoes. Comn-
parlsori of nearly slimultaneour MTT. and normal pioturo:v of' Ed-na reveal
only a tendf-ney for the weaker precipitation fz.choeB' to dirappf-ar with
MI
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moving storms bears an important relationship to the temperature field.
Northeast storms of New England generally are accompanied by precipita-
tion maxima in the region of strong low level thermal gradient. The

differences between the precipitation patterns of Carol and Edna may
therefore be attributed in part to the greater air mass contrast in

Eria. Hurricane Hazel. 1954, which is associated with an intense polar
trough, is also characterized by maximum precipitation to the west; in
Hazel there is also an important orographic contribution in the region
of maximiuz rain. The 1938 and 1944 New England hurricanes also produced
more rain on thcir western sides, but only the former appears to have
been associated with strong air mass contrast (Brooks and Chapman, 1945,
anr Pierce, 1939). Recent cases which evidence complex relationships
between the positions of surface low centers and precipitation distri-
butions are THurricanes Connie and Diane, 1955, illustrated and discussed

W_ ieatherwise (S-uner and O'Connell, 1955).

One of the interesting features of Hurricane Edna is the great and
rapid. increase of northwest wind which occurs after the time of lowest
pressure at stations west of the eye path. The maximum velocity of the
t.o...... wind considerably exceeds that of the winds which precede the
tIime of lowest pressure. The Blue Hill meteorogram, Fig. 9.6, graphi-
cally illusLrates this phenomenon. The anomalous northwest gale appears
!%.st at outhernmost stations, such as Block Island, and progresses
.'th-7,r- at -he speed of the hurricane eye, appearing at least as far

north as Brunswick, Maine, though somewhat weakened. Efforts to relate
this featuLre, which connences with some characteristics of a burst or
s; .,. line, to pressure jump or trough lines, using the extensive orig-
i:nal data and hourly maps available, have not been at all conclusive.
i.t does appear, however, that some reasonable interpretation of the re-
.o rsh - betveen the observed wind and pressure fields is possible on

the ca f available data. The hourly weather maps show that 100 miles
..-. no'r :west of the eye the wind speeds are much less than gradient.
.A & ]cal observation shows a wind of 15 miles per hour blowing across
the isobars toward lower pressure at an angle of 450, where the gradient
"iCL is 90 uiles per hour (see Fig. 9.7). Some limited trajectory anal-
ys;s indicates that the hurricane winds from the northwest are initially
a part of such a weak subgradient flow. It is also seen from the maps
that as the air parcels northwest of the eye travel toward lower pres-
suare, they are acted on by progressively greater pressure gradients.
Under these conditions, the parcels accelerate rapidly; elementary com-
putations have indicated that the equations Qf motion explain the ob-
Berved accelerations approximately.* Therefore, it is felt that the un-
uaue.l northwest wind. can be described largely in terms of observable
differences between the pressure and pressure change fields of Edna ar. .
those of other hurricanes.

* A geostrophic departure of 100 mph indicates an acceleration of about
4o mph per hour in these latitudes,
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HURRICANE EDNA RECONNAISSANCE

3YNOPTIC DIAGRAM r'-I6OOZ
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l'ig. 9.8. Double eye of hurricane Edna Rs drawn from memory by Capt. Wallace Taylor, observer aboard WB29

which performed reconnaissance of Edna's eye. Except for minor oscilations, all the radar photographs taken from
theplane presented approximatethe he shaded configuration. Athin cirrus layer existed in the hatched area. Allwinds shown are observed surface winds. The dashed lne is the •flight path, of approximately 45 minutes duration.

At 700 mb, a minimum t point A was regularly reported at the eye positon, Minima in the surface pressure field

existed near A and also near point C. The centers of the two apparently closed wind circulations maintained theirrelative positions until they merged near Martha's Vineyard. Swlls of 40 to 50 feet appeared to be radiating out-
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The northwesterly wind burst was of great importance at Lhe time
that it occur-red. Radio broadcasts made shortly after the lowest pres-
sure had passed Boston indicated that the worst of the wind was over;
whereas in truth, the worst had not yet begun, Further studies should
be particularly oriented so as to exploit the possibility of forecasting
an occurrence of this nature from hourly ma ,s an hour or two in advance.
It Is probable that surface friction and vertical transport, of momentum
will also have to be considered if satisfactory interpretation of the
many details of the surface weather elements is to be obtained. Unfor-
tunately, little theoretical work has appeared on the low level winds in
a moving circular pressure field since the classical work of Shaw (1931).

Another noteworthy phenomenon peculiar to Edna is its double eye.
This feature was first reported by the reconnaissance aircraft at 1000E,
1l September. A diagram drawn from memory by Captain Wallace Taylor,
weather observer on the plane, is included as Fig. 9.8. It is noted
that only the northern eye is bounded by precipitation; therefore, the
radar data give no indication of the double structure, According to'
Captain Taylor, the, eye was still elongated as it passedMartha's Vine-
yard and this is borne out by the hourly synoptic dharts (no+, extensive-
ly reproduced here; some indication of the elongation is given by Fig.
4.1o, 1433 EST). The report by the aircraft of a double eye over Prov-
incetown is in error, as explained in Section 7 and in the Appendix. It
appears that Edna's double eye is a transient feature of the storm.
(Captain Taylor has also informed the authors of his experience in a Pa-
cific typhoon which possessed a double eye.)

It is of interest that Martha's Vineyard and Nantucket experience
minimum sea level pressures within 0.10 inch of each other. (The exact
difference and its sign are unknown because of uncertainties concerning
the Martha's Vineyard reading.) The center, in fact, passed between
Nantucket and Martha's Vineyard. Nantucket's wind at the time of mini-
mum pressure (953.9 mb) was from the south, with gusts over 80 miles per
hour. Martha's Vineyard, at time of minimum, appears to have experi-
enced a northerly or northwesterly wind which was not more than 25 mph.
(The wind at the exact time of lowest pressure is unknown.) This non-
symmetry of the wind distribution is reflected also by reportb from
other stations near the eye. Immediately adjacent to the eye, winds
were much stronger to the east than to the west. This may reflect in
part the relative displacement of the centers of lowest pressure and the
centers of rotation, as discussed by Shaw.

A sounding made in the eye of Edna at 1030 EST by personnel of the
WB 29 is presented in Fig, 9.9. This shows that Edna has a warm core
structure apparently common to all tropical hurricanes, and deduced pre-
viously for the eye region of this storm from the velocity measurements
discussed in Section 5. The temperature of 4-16"C at 700 mb is 50 higher
than may be realized by moist adiabatic ascent from the surface. The
high mixing ratio reported at 700 mb in the eye is higher than the high-
est that can be attained by ordinary processes in the saturated air
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outside; and it is therefore probable that this report is erroneous.

Fially, certain .other experiences of the reconnaissance aircraft
crew bear reporting. Turbulence was observed in mort of the rain erea
and was greatest in the heaviest clouds and precipitation. Severe tur-
bulence was experienced near the eye, especially just to its north.
However, the e was little or no turbulence in the light wind area of the
eye 2C

At about 2030Z the aircraft flew from Cape Cod BSE to the distressed
Nantucket Lightship. Captain Taylor reports that the cloud tops were at
ionly 7,000 feet, but that severe turbulence and heavy rain was eXperi-

enced within them The authors of the present paper have computed that
vthe ertical velocities necessary to give coudens&-tion equivalent to

precipitation of 10 mm/hr in such a thin layer would be accomsnied by
low level conyerence of about 1.5 x i0 sec'. It is of interest in
this connection to note the strong convergence in the southeast qusdraxt
of the hurricane which is indicated by the ship reports at l36Z (see
Fig. 9.1). However, the chart neither verifies nor disproves the magn±-
tude given above. Captain Taylor further reports that the tops of these
clouds were smooth, with. no cunuliform buildups Such a relatively. 1W.-
cloud top may bave beea produced by continuous advectin of dry air
.above 7,000 feet. The presence of strong shear implied by such a proc-
ess may also help to explain severe turbulence in clear air imm diately
above similar clouds, as was observed later at a point some 100 miles
BOW of the eye.

10. Rummary of Highlights

First evidence on radar of Hurricane Edna, as observed from South
Truro, Massachusetts, is an FMl echo which corresponds to a dense upper
ice crystal deck (see picture 1, Fig. 10.1). These crystals are carried
ahead of the main rain area nearer the eye by the high level winds and
their continued existence far in advance of the main precipitation also
implies some lifting in. this vicinity. As the storm approaches, the up-
per echo layer thickens and its base slopes downward toward the precipi-
tation area, as shown in pictures 2-5. This structure is similar to
that in advance of a typical cyclone of temperate latitudes. The out-
flowing echo layers are generally separated by blank spaces in the pic-
tures from the rain bands from which they appear to emanate. This is
attributed to a local compensating downdraft region ahead of the main
rain band which results in partial evaporation of the icy crystals and
a weakened radar return.

At about 450 miles in advance of the eye, the development of low
level convergence in convectivel1y 'instable air results in the formation
of lines of convect ive showers which are oriented along the surface iso-
bars. Their initial fornation takes place entirely below the melting
level (13,700 feet) and they move in good agreement with the winds be-
tween 3,000 and 9,000 feet (Fig. 10.2, top). Many of these later grow
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1. ?2'i031 EST. 2. 220" 2 IIEST. 3. 2e20 2130EST s, 220 g 15B (ST.
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Fig. 10.1. Sequence of RHI pictures looking toward the eye of Edna as the storm approaches. Pictures 1-3,
FPS-4 radar, 5 nautical mile markers; Pictures 4-8, FPS-4 radar, 10 nautical mile markers; Pictures 9-12, FPS-6
radar, 10 nautical mile markers. Note the open sp ace between the forward edge of the rain band and the upper
cloud in advance of it in pictures 4, 5, 6, 1 and12. Picture 7 with the gap at close range demonstrates that the
gap of pictures 4, 5, and 6 is filled with relatively small particles.
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to cumulonimbus proportions; ultimately the lines of showers merge and
decay to stratiform type precipitation. On the RHI scope the appearance
of the warm showers is as illustrated by pictures 5, 6. and 11-14 of
Figs. lO 1 and 10.3; they are discussed in considerable detail in Sec-
tions 3 and 4 of this report. Subsequent bands are composed more and
more of rain characteristic of a stable air mass, although occasional
convective elements occur eiten into the immediate eye region. The up-
wind (eastern) ends of the rain bands are more cellular in structure and
this is believed due to the initial development of precipitation in con-
vectivcly unstable air, The precipitation'becomes more uniform downwind
under the action.of continued low level convergence.

4 While practically all of the hurricane is banded and is associated
with a baneda structure of low level convergence and rising motion, the

mechanidm giving rise to the batidedness is stili uiknown. At times, the
upper' cloud layers are affected by passage through -a 'region or bad. f .
.,intensified vertical motion. In these cases, the echoeis develop 'and
fall downward as the particles grow by condensation,; this A discussed
in Section iiand .is illustrated by pi'ctures 13-16 of Fig 10..The
main rain bands teni to be wider in their:u.per parts than near the
surface, which is. consistent with a pattern of hig-h level divergence.
They are most widely separated in the outskirts of.-the hurricane and
tend to merge near the eye as. indicated by Fig. 11.2. They are approx-

'! imately parallel to the surface winds and isobars, especially at the up-
wind ends of the bands (except for intense convective echoes in the
eastern semicircle of the storm). Dowawind, 'both bands and winds tend
to spiral toward the eye, the winds more strongly. The result of this
in Edna is that the bands are oriented about halfway between the direc-
tions of surface winds and isobars. No consistent relationship between
the bands and the upper winds or vertical wind shear has been discovered
in this study.

It is suggested that precipitation growth and echo intensification
in low level clouds is responsible for some of the finer structures,
such as the cross-band striations which are observed in Fig. 4.13, and
the smaller filamentary structures comprising most of the major bands.
These finer features are also reflected in the rapid fluctuations of the
surface rain intensity. However, the major banded structures extend
through great depths of the troposphere, sometimes with and sometimes
without low level growtho

The motion of the showers in the northern outskirts of the storm is
about 400 to the left of the direction of the storm motion and nearly
perpendicular to the bands; the upper ice crystal or snow masses in this
area appear faintly on the FPS-3 PPI scope and are seen to move at a
rapid rate from the same direction as the storm (SSW)., Within 50 miles
of the eye, the motion of discrete precipitation echoes (presumably of
the low level, convective type) is in nearly the same direction as the
surface winds, and hence nearly along the bands. (Sections 4, 5 and 8.)
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Fig. 10.2. Composite PPI display of Hurricane Edna, constructed by piecing togethe- three FPS-3 pictures
taken at So. Truro about 6 hours apart, on 11 Sept. 1954. Note the regular appearance where the pictures join,
which suggests that the hurricane is in an approximately steady state. First convective bands may be seen in
the upper right; in the center there is evidence of convective elements and stratiform type precipitation super-
imposed. TIe relatively close spacing and uniformity of the large scale hands near the eye is evident in t e
lower left of this figure.
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The speed profile of discrete precipitation echoes is similar in
shape to that of the surface winds. showing the decrease of speed near
the eye which is characteristic of mature hurricanes. Comparison of ra-
dar and surface wind speeds indicates that the winds in the lowest 7,000
feet increase in speed with increasing height outside the ring of maxi-
mum surface winds. Within the ring of maximum surface winds the wind
speed decreases with height. This pattern of vertical wind shear is
consistent with recent observations of Simpson. Further study of the
relationships between echo and surface wind velocities should make pos-
sible the accurate determination of hurricane intensities by radar. The
wide scatter of individual echo velocity observations noted in the pres-
ent study can be reduced by simultaneous use of narrow beam RHI and PPI
radars (Section 5).

The eye of the hurricane may be identified on the PPI scope by the
spiralling of the bands and by the rotation about it of discrete weather
echoes, as noted above. On the RHI scope Edna's eye appears as an open
"V" in the radar echo which leans toward the northeast; a cirrostratus
shield over the eye at 35,000 feet is connected to the northeastern por-
tion of the wall cloud by a thin column. (This spreading canopy over
the eye is indicative of high level divergence.) "False" radar eyes al-
so appear in Hurricane Edna; they are identified as spurious by their
relatively short lifetimes and by the absence of rotation or spiralling
about them of large scale features (Sections 7 and 8). A double eye,
identified by distinct centers of circulation and pressure, is reported
by reliable aircraft reconnaissance to have existed in Edna for an hour
or more prior to the time the central region of the storm passed the is-
lands south of Cape Cod. However, the centers have not been observed
separately on the radar because the southernmost one was divorced from
precipitation (Section 9).

A feature of the major homogeneous precip.itation bands is the radar
"bright band" at the melting level; this implies that snow or ice crys-
tals are descending through the melting level from aloft. Differences
in the detailed appearance of the bright band are associated with varia-
tions of middle and low level grnwth. Where there is little or no mid-
level cloudiness and updraft, and hence only slight growth of precipita-
tion particles, a sharply defined bright band EppeaxS and the radar echo
intensity is about constant in the layer which extends to the ground
from below the bright band. Oi the other hand, t'ie appearance of gener-
ally increasing echo intensity from the melting level dowmird is at-
tributed to major growth of the melting snow and rainfall by acc'retion
of cloud. This characterizes the bands of moderately heavy precipita-
tion which must correspond, therefore, to areas of major convergence and
lifting. The very heaviest precipitation (requiring intense updrafts)
must be associated with a graupel or hail process for which there is no
strong evidence in the fadar data, except in the region of the main wall
cloud. (The greatest rains in Hurricane Edna occurred along a line
passing about 75 miles west of the main radar site at South Truro.)
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Fig. 10.3. Photographa of -the FPS-6 scope at So. Truro iduring the approach of Hurricane Edna. Pictures 13,
14, and 15 demonstrote the occurrence of low level ltonvectv showers and descent of an upper ice crystal layer
in a region of low level convergence and rising air motion. 'Pictures 19 and 23,1 at low tain, illustrate the con-
ventional bright band at 13,500 feet. The pictures numbered 18-24 at low gain fail to shOw snow above the melt-
ing level except at very close ranges.



Cbaracteristics of the drop size distributions of hurricane rains
(examined by the filter paper technique) ranging in intensity from 3 to
75 mm/hr, are in good agreement with those to be expected on the basis
of Marshall and Palmer's empirical relation. The median drop diameters
are somewhat larger than usual, however, and are attributed to the unu-
sually important role of aggregation in this hurricane rain. The empir-
ical relation Z = 200Ri.6, where Z is the radar reflectivity factor
(summation of the 6th powers of the drop diameters) and R is the rain-
fall rate, has been tested, using the filter paper samples of Edna rain.
The value of R determined by the application of this equation is always
well within a factor of 2 of the observed value, thus suggesting the
possible use of long wave radar to monitor the intensity of hurricane
rains (Section 6).

The path of Edna is found to be much more regular than originally
reported; oscillations of the path are of smaller amplitude than the eye
diameter. Analysis of position reports from various sources indicates
that when an aircraft is within radar range, errors of position may be
reduced to a minimu if reports are based on cooperative estimates of
both aircraft and radar observers (Sections 7 and 8).

Land stations west of Edna's eye experienced highest winds during
the storin after the times of lowest pressure. Analysis of trajectories
and pressure gradients, based on analyzed hourly weather maps, indicates
that the air associated with these northwest gales can be traced to an
origin in a field of gross unbalance between winds and pressure. At a
distance of 100 to 200 statute miles uorthwest of the eye over land,
wind speeds are typically only 15 percent of their gradient values and
accelerations implied by the equations of motion in this case appear ad-
equate to explain the observed increase in wind speed (Section 9).
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APPENDIX A

List of Aircraft Reconnaissance Re2orts, Corrections and Comments

Corrections were made possible through the assistance of Captain
Wallace Taylor, observer aboard the aircraft.

Plain language Portions Plain Language Portions
As ReceivrA As Corrected

Duck Edna 1 (1130z). Position 3617'N Duck Edna 1. Position 36"17'N
67 15'W; surface wind 1.70' 67015'W; surface wind 170"
030 knots; flight inxd 195'  030 knots; flight wind 195
057 knots; squalls lines 057 knots; ll line
curves to -W curves to NW

There was just one smll cloud line which carved into the northwest from
the aiicraft po$ition, thus

Qdi 0o

Duck Edna 2 (1200Z). Radar returns Duck Edna 2. RadAw retur s
q.UMaoZ'9ahS; POBs'IU!xIb.~ i~~ pc,sitlon 38661N

68*;0'W; surface wind 170* 6820'W; surface wind 170*
050 knots; flight wind ].90* 050 knots; flight wind 190*
060 knots; proceeding to seal 066 knots; proceeding to seal
intersection. intersection.

The only change here involves the flight level wind.
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Plain Language Portions Plain Language Portions
As Received As Corrected

Duck Edna 3 (1250Z). Position Duck Edn-a 5 (1230Z). Position
.59050'N, 690h0'W; surface wind 3950'N, 69°40'w: surface wind
9200, 065 knots; flight wind 1206, 065 knots; flight wind
1700, 076 knots; circling Seal 170w, 076 knots; circling Seal
intersection due to ATC clearance, intersection due to ATC clearance.

The direction of the surface wind is 1200 rather than 920*. The plane
was not authorized to fly directly into the storm, 'but had to wait at
Seal intersection for final clearance.

Duck Edna 4 (1300Z)... Position No change,.
3947'N, 71007'W; surface wind.
unknowj; flight wind unknown.

Duck Edna 5 (1330Z). Position Duck Edna 5 (1330Z)- Position
380'3"N,' 71 18'W.; surface unknown 3803 'N, 71*18 W; surface wind
flight wind unknown; pneetration unknown; flight wind unknown;
eye . penetrating eye.

"Penetration eye" should read ,, "penetratig eye "; This means that the
plane -is on a course for the eye, not act-ually entering it°

DUC' X EDNA SIX IN EYE (i400Z). Duck Edna 6 in eye (14ooz).
Double eye forming; swells to Double eye forming; swells to
60 feet; blue sky over Seal; 60 feet; blue sky overhead;
positIon 39012'N, 72"1,'W; position 39"12'N, 7 0135'W;
surface wind diffuse 40 knots; surface wind diffuse 40 knots;
will remain in eye due to prox- will remain in eye due to prox-
imnity of coastline; eye posion umity of coastline; eye position
to follow every 30 minutes. to follow every .30 minutes.

The plane was in the eye region and blue sky wus overhead, not over
Seal. The eye was open to the south and it was difficult to find a
minimum in the pressure fie'ld, The analysis of "D" values gathered
during reconnaissance of the eye indicated an elongation of the pressure
pattern in a northeast-souxthwest directioin, Finally, two minima at
700 mb were located. The lesser miniurum was about 30 miles SW of the
major minimum, which latter wau reported as the eye location.
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Plain Laiguage Portions Plain Language Portions
As Received. As Corrected

Duck A 3459 Edna recco six, eye No change.
centered 39012'N, 7213'W 1400Z;
Loran position accurate within
5 miles; maximum winds 120 knots
north quadrant; eye paorly defined,
15 miies diameter; radar coverage
feasible; remarks: eye horseshoe
shaped, open to south, surface in
eye very diffuse 40 knots.

As indicated by Fig. 8.1 and the discussion of Section 8, this Lorau fix
was probably not as accurate as indicated. The sea surfae i the eye
was Confused, with swells moving in dififerent directions. The wve and
spray formations were of about the sane magnitude as those formed under
the influence of a 40 knot wind. In this case, howevmr, it was not pos-

'sibe to determine wind direction from the appearance, of the sea, hence
the phrase "surface wind diffuse 1W knots ."

Edna seven in eye (143Oz), Eye No chW.e,
changing shape cmtinuously.y
Position 39*20'N, 7'4 l'W*

The rei'erence to changing a""e.p pertaIns mainly to the pressure -.lattern
immediately about the 6ye. The Zteepest gradient shif ted fr thw north
side in a clockwise direction to the west side during the half hour pe-
riod centered on this observation.

Duck Edna eight in eye (15r"Z). No change.
Surface wind 20 mileA. sot.; of
center 270* 120 knots; ,osition
39*32'N, 7138'W.

Duck A 3459 Edna nine in eye (1530Z). No change.
Descending to 1500'. Next ob 1630Z;
position 39 39'N, 71"18'W.
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Pi,_ai Language Portions Plain Language Portions
As Received A; Corrected

Duc A 3459 Edna in eye (1630Z). Duck A 5459 Edna in -ye (i63o)
aubcura press i600Z 941 mbs; eye Surface pressure at 1600Z, 947 mbs;
center pressure slopes upward eye center slopes upward toward
northwest; position 4olO0'N, northeast; position 40)OOuN,
700 55'W, 700 mb level drop wing. T7 55'W, 700 mb level droping,
Second surface eye 40 miles second surface eye 40 miles
soutiywest of ob position. southwest of ob position.

Several transmission errors in thIs one. The northeast tilt of the eye
was also determined by 3 cm radar at South Truro (see Fig. 9.5), The
decrease of height of the 700 mb surface was noted in order to confirm
the coded portions of the messages; it was 'believed that the movement

N of the storm into higher latitudes would normally be accompanied by
rising 700 mb central heights.

U Duck A 3459 Edna eleven in eye Duck A 3459 Ednra eleven in eye;
(17P0Z). Loran temporarily mop- Loran temporarily inoperative;

erative.; Fax by defense radar net; Fix by defense radar net; position

posItion at 1700Z, 4040 o'N, 704W 1700Z,4040'N, 704OW,

The 1700, fix was by-Loran; the 1730Z and 180OZ fixes were by ground
.................. L Xuueoftei(OZf was garbled in

the message.

Duck A. 3459 Edna twelve in eye No change.
(180OZ); eye opening more to

T; south; position 4l615 -, 70*30W.

The wall cloud to the south, already much smaller than that to the
north, underwent further dissipation.

Duck A 3459 Edna thirteen (1850Z) No change.
in eye over land; eye over Martha's
Vineyard at 1850Z,
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Post analysis indicates that the point of lowest pressure did not pass
over Martha's Vineyard, but over the ocean between Mar+ha's Vineyard and
Nantucket. At this time the eye was extremely asymmetrical, with the
minimm pressure located east of the mid-point of a representative outer
isobar. The gradient over Martha's Vineyard was quite light and the
center of the area of light winds and comparatively unruffled ocean may
well have passed over the island. At this time there was no white water
visible from the plane north of the line connecting Martha's Vineyard
and Nantucket to Massachusetts' south shore. An additional confusing
feature at this time was a band of heavy cloud which had swung southward
(relative to the storm) until it bordered the point of minimum pressure
on the west. This heavy cloud appeared to the aircraft to be the wall
cloud east of the eye center. The bands terminated along a nearly east-
west line at thir time - this line of termination was thought to be wall
cloud to the north. Analysis indicates that the eye was not truly dou-
ble at this time or as the eye crossed Cape Cod.

Plain Language Portions Plain Language Portions
As Received As Corrected

Duck Edna south eye centered 41 29'N, No change.
70IO'W, 1930Z; visual position accu-
rate within zero miles; north eye
centered at 1935Z in middle of Cape
Cod Bay; eyes well defined 40 miles
diameter; radar coverage feasible.

Here the double eye war erroneously reported. Due to the wide flat
pressure pattern, "D" values were not closely checked, and fatigue of
personnel aboard the aircraft greatly reduced efficiency. The reported
positions were based largely on visual attempts to place the eyes or
eye. The. distribution of cloud lines in the eye made this difficult,
as noted above. The cloud line over the Cape extended at least to
20,000'.

Duck A 3459 Edna recco eye centered No change.
2010Z, visual position. Maximum
winds unknown, wall clouds dissi-
pated east through south to west;
double eyes now forming gigantic
eye roughly centered over Province-
town. Eye poorly defined.
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The e]oid line referred to pra-vtously was now much less ominous, and no
longer appeared to be a wall. cloud. Thus the wall cloud was reported to
be disslpating, although such probably exirLed W.o Lht, uritheast ouL Of
site behind the weakening cloud hie.

Plain Language Portions Plain Language Portions
As Received As Corrected

Duck. Edna departing storm to dis- No change.

tressed surface vessel 75 miles
southeast of eye.., Do you desire
2200Z fix on eye? Reply immediately.

Duck. A 3459 Edna 15 southeast of No change.
eye; position 40°37'N, 69'18'W
2045Z; surface wind 270° , 100 knots;
sea phenomenal; overcast 300 feet.

Duck Edna relieved on station of No change.
distressed vessel, by Coast Guard
aircraft; this message terminates
weather reconnaissance of Hurricane
Edna; Loran Inoperative; position
uncertain; proceeding to a suitable
east coast field; insufficient fuel
to attempt Kindley; last message.
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APPENDIX B

Horizontal Temperature Gradients as the Melting Level

(Note added in proof)

Determination of horizontal temperature gradient by radar is de-
pendent on knowledge of the lapse rate and on measurements of the height
of the bright band, which corresponds to the layer about 1500 feet below
the OC isotherm, and in which snow melts to rain (Austin and Bemis, 1950).
The quantitative relationship between the height variations of an isotherm
(assumed continuous) and the horizontal temperature gradient is given by

T/Bx = -O H/?) x)T(dT/-H), where (_iH/ x)T is the slope of the iso-
therm and ZT/-6H the lapse rate. An estimate of the quantity (aH/Ox)T
near the +24C isotherm may be obtained from measurements of the height of
the bright bands at different distances from the eye of the storm. Al-
though numerous RHI photographs were made during Hurricane Edna, little
thought was given to this problem at that time, And the data are therefore
not all that is now desired. The table below lists measurements which are
probably uncertain by 500 feet.

Height of Bright Band in Edna

Distance NNE of Eye Ht. of Center of Bright Band Radar Used
.(nautical miles)* (feet)_

325-170 12,700 FPS-4 and FPs-6
160 15,500 FPS-6
125 14,000 FPS-6
20 16,ooo-16,500 FPS-4

In Eye 16,000-17,000 nF -11

* No bright band data are available between 125 and 20 nautical miles of

the eye.

Following the Jordans'(1954) as well as the radiosonde data of this
report, we aiopt a value of '6T/?H = -1.6"C per thousand feet. The dif-
ference of some 4000 feet of the bright band height from a distance 170
mni 1 P~ q~~q (f +.hpP iT +n~ fhtio r.,ir, 4Pfj nn iP + ii nrH n+

4 ~T r~ 4 a -Ir .-

tal temperature variation at about 15,000 feet of 6 or 70C. It may be
noted that Figs.. 4.7, 4.8, and 9.9 indicate a 60C temperature change over
a similar distance at the 10,000 foot level; earlier soundings (Figs. 3.2,



38, and 4.3) indicate smaller irregular changes. These results are gen-
erally very similar to the Jordans' mean thermal structures (1952 and
!95h) .nd the cross section of RiS.mnqon for tlhe 10h6 Tanme. storm.

Since Lhe temperature at which naturally falling snow melts is some-
what a function of particle size, updraft, and lapse rate, the precise
correlation of bright band and temperature is a formidable task. However,
the utilization of more precise relationships between bright band height
and temperature than attempted here, coupled with accurate measurements,
could be applied to such small scale phenomena as the individual rain
bands as well as to the total hurricane.
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